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work by Louise Kulzer, Scott Luchessa, Sarah Cooke, Ruth Errington, and Fred Weinmann in their
community profile of local Sphagnurdominated peatlands of western Wagiton was
immensely helpful for identifying critical research questions, sample site selection, and building a
set of recommendations that we hope land managers find useful.
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1.0 INTRODUCTION

1.1 PROJECT GOALS

The primary objective of the Clean Water Acto "maintain and restore the chemical, physical,

and biological integrity of the Nation's waters," including wetlands. Land use near wetlands affects

their ecological integrity, especially through changes to water inputs and water chemistry, but
regiondly specific, quantitative data on these impacts is limited (Azous & Horner 1997; Bell 2002;
Cooke Scientific Services 2005; Adamus 2014). Peatland types such as bogs and fens are typically
distinguished based on their primary water sources. Understaading e at | anddés pr i m
source is also critical to successful conservation, management, and restoration of these sensitive

ecosystems. Although the term 6bogd is used t
one published study has confirntbe presence of an ombrotrophic bog (i.e.,-fa) in the state
(Rocchio et al. 2021). Doubt remains afed t o ho

A better understanding of water sourceds) and
or Sphagnurdominated peatlandsis needed to ensure that regulatory permitting, compensatory
mitigation requirements and guidance, and voluntary restoration and conservation actions are
effective in meeting the Cl e arent@udaneerisdé&ioedds pr
from quantitative studies about land use impacts to aquatic ecosystems,-bakmgionodels that

presume likely impacts to wetlands. This project addresses a significant data gap by measuring
differences in hydrological regimesater chemistry, and vegetation response in peatlands across

a land use intensity gradient.

1.2 PEATLAND ECOSYSTEMS

Peatlands are wetlands with a surface substrate composed of organic matter accumsitated

called peat. In the United States, a pghatknessof 40 cm is often used to distinguish peatlands

from other wetland types (Rydin and Jeglum 2013). Peat forms when plant production exceeds
decomposition. This occurs due to excessive primary plant produmiolargely due tslow
decompositia from water logged soils and/or cool temperatures (Vitt et al. 1994, Rydin and
Jeglum 2013) . Peatl ands occupy approximately
significant for their role in regulating climate, supporting biodiversity, and igiray other
ecosystem services (Moore 2002, Parish et al. 2008). Peatland formation is closely tied to climatic
conditions and local hydrogeomorphology (Gorham 1957, Moore and Bellamy 1974, Damman
1977, 1979, Parviainen and Luoto 2007). In areas whereabprecipitation normally exceeds
evapotranspiration, peatlands can form in a variety of landforms such as in depressions, on slopes,
and flat terrain (Gorham 1957, Rydin and Jeglum 2013). In persistently wet regions, peatlands can
blanket entire landscapesuch as blanket bogs in wet, cool northern climates and extensive,
tropical peatlands in wet, warm climates (Moore 2002, Rydin and Jeglum 2013). As
evapotranspiration approaches or exceeds precipitation, peatland development is limited to areas
with a @ntinuous supply of groundwater including seeps, springs, and also along the shorelines
of some very stable and quiet water bodies (Gorham 1957).

1.2.1 Peatland Types

Peatlands vary significantly due to climate, water source, hydrological regime, topggraph
geology, soil and water chemistry, and biogeographic patterns (Gorham 1957, Gore 1983, Moore
and Bellamy 1974, Glaser and Janssens 1986, Glaser 1992, Vitt et al. 1994, Bridgham et al. 1996;
Wheeler and Proctor 2000, Parviainen and Luoto 2007). Peatlassification efforts have
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focused on one or a combination of these gradients (Tansley 1939, Sjérs 1950, Moore and Bellamy
1974; Malmer 1986, Vitt et al. 1994, Bridgham et al. 1996, National Wetlands Working Group
1997, Wheeler and Proctor 2000, Parviairemd Luoto 2007, Joosten et al. 2017a, Table 1).
Importantly, peatland classification is also influenced by cultural perspective, regional ecological
context, and purpose of the classification (Joosten et al. 2017a).

Bogs and fens are the most commordgagnized terms for describing variability of northern
peatlands, and are applicable to peatlands around the world (Table 1; Gorham 1957, Moore 2002).
However, these terms have been defined using a variety of ecological variables (Table 1). Many
researchexrestrict the definition of a bog to those areas where peat has accumulated deep enough
that the plant rooting zone is not influenced by groundwater, thus limiting the water sources for
plants to precipitation (i.e., ombrotrophic peatlands). In contfasse same researchers consider
fens to be limited to those areas where surface and groundwater occurs within the rooting zone of
plants (i.e., minerotrophic peatlands). Additional types based on morphology, water chemistry,
and vegetation have also beesscdibed (Sjors 1950, Moore and Bellamy 1974, Gore 1983,
Damman 1995, Moore 2002, Joosten et al. 2017b).

Vegetation composition has been another common means of differentiating bogs and fens, as
vascular plants and bryophytes reflect underlying ecologiaahbles (Bridgham et al. 1996,
Wheeler and Proctor 2000). Because floristic similarity between ombrotrophic bogs and
minerotrophic poor and acidic fens has been shown to be more similar than between poor and rich
(alkaline) fens, floristic distinctionsyithout regard to water source, has been suggested as
practical way to distinguish bog and fen (Gorham and Janssens 1992, Damman 1995, Bridgham
et al. 1996, Wheeler and Proctor 2000, Moore 2002). In such a framework, bogs include acidic
peatlands (i.e. lys and poor fensensuSjérs 1950) dominated by peat moss&sh@agnunspp.),

low ericaceous shrubs, and/or conifers while fens include slightly acidic to alkaline peatlands
dominated by graminoids, brown mosses, tall shrubs and/or various tree specipd9&3g
Damman 1995, Bridgham et al. 1996, Wheeler and Proctor 2000).

1.2.2 Ombrotrophic versus Minerotrophic Peatlands

The ombrotrophid@ minerotrophic gradient isommonly used to distinguidtogs from fens in

many regions (Gorham 1957, Damman 1995, &ler 1987, 1992, Gl aser et
Yurkovskaya 1995, @kland et al. 2001). Ombrotrophic peatlands have hydrological and water
chemistry characteristics that are distinct from other peatlands, as they are entirely dependent on
precipitation fo water and ion inputs (Gore 1983, Damman 1995, Proctor et al. 2009). Because
precipitation is a relatively poor source of many ions, ombrotrophic peatlands are gdmeghniyly

acidic and have low ion concentrations (Sjors 1950, Ingram 1967). Howeveear oceanic
environments concentrations of Na+ and Cl may be moderately high. Minerotrophic peatlands are
supported by groundwater or surface water flow that has had contact with mineral soils or bedrock
(Ingram 1967, Moore and Bellamy 1974, Damman )99%he chemical composition of
minerotrophic peatlands varies along the pH gradient from acid to alkaline, with low to high ion
content, depending on local geology and soils (Sjors 1950, Ingram 1967). The ecological
differences between ombrotrophic and emstrophic peatlands have important implications for

land managers, since successful conservation, management, and restoration actions need to be
tuned to the predominant water source. Changes to the type or proportion of water sources flowing
into a peatind can lead to significant changes to hydrological patterns, porewater chemistry, peat
accumulation and decomposition rates, and biological composition.
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Table 1. Peatland Classificationgtable adapted from Kulzer et al. 2001)

Saurce

Sphagnummoss # > Brown moss
Rain fed < » Groundwater fed
Very acidic < » Alkaline

Weber (1908); Weber
(1902) as cited in
Couwenberg and Jooste
(2002)

Central Europe

Hochmoore (= raised bog

Ubergangsmoore (=transitional)

Niedermoore (=fen)

Rigg (1925)
North American Pacific
Coast

Sphagnunibog
(Sphagnundominated peatland)

Marsh, Swamp

Rydin and Jeglum (2013]

(ombrotrophic)

(additional gradients defined)

Bo Poor fen Rich fen
DuRietz (1949, 1954) Sph nd 9 - lack (Sphaghnumd o mi nates; a few @ B d
Scandinavia (Sp agnu ominates; lack present) .( rown mosses
of o6fen indie—_ . indicatordé spec
Mineral soil limit
Kulczynski (1949) Ombrophilous Transition mires Rehophl_lous mires
. . e . (groundwater inputs externid
Poland (rain-fed) (groundwater inputs from within immediate watersheg X 2
immediate watershed)
Sjors 1950 Moss EXtref':f poor TransT:I:aI POOT| | htermediate fen Tran5|ft(|;nal rich Extreme rich fen
Scandinavia (pH 3.7-4.6) (pH 3.71 5.2) (pH 4.51 6.5) (pH 4.51 6.5) (pH 5.71 7.8) (pH 7.11 8.5)
Bog Rich Fen
Malmer et al (992) (pH < 4.5) Poor Fen (pH > 5.5)
Heinselman (1970) Ombro Semiombrotophic| Transitional Forested Bog / Various fen tvoes
Minnesota trophic Bog Bog Weakly Minerotrophic Swamyg yp
National Wetland Bog Fens
Working Group (1988) | (ombrotrophicpH<4.6; Ca o )
Canada + Mg <5 mg/L (pH =4.61 7.9; Ca +Mg 0.5 140 mg/L)
Gignac & Vitt (1990) Sphagnuridominated peatlands Rich fens
(bogs and poor fens)
Vitt et al. (1994) (Spha nun?i(())?ninated' H Poor fen Rich fens (pH > 5.5)
Western Canada phag < 4.0) P (Sphagnundominated; pH= 4.01 5.5) Moderate rich fen Extreme rich fen
) (pH =5.5i 7.0) (pH = 7.0i 8.5)
Proctor et al. (2009) Ombrotrophic Minerotrophic
Scotland (molar Ca:Mg < 1) (molar Ca:Mg > 1)
Bog Fen




The ombrotrophi@ minerotrophic gradient is based largely on the work of Du Rietz (as cited in
Sjors 1948,1950; Wheeler and Proctor 2000 and Kulcyns849). Attempting to identify the

omi ner al soi l iora hetsveen ombrotiophi@ and minerotlophicipsatlands, Du
Rietz recommended use of o6fen indicator speci
l'imit in the field. This method assumes t hat

being absent in ombrotrophic peatlands, to low in poor fens, and highest in rich fens (Sjors 1948,
Glaser 1992). This approach has been used to characterize the ombrotrophic to minerotrophic
gradient in Scandinavia for many decades (Sjors 1948, Jeglum@d®iahd et al. 2001). Indicator

species that have been verified against water source and water chemistry measures can be effective
for indicating the mineral soil water limit (Sjors 1950). However, shortcomings of this approach
include: (1) the tolerance mdividual species to the acidic and nutrient poor conditions found in
ombrotrophic peatlands varies geographically,
a regionally specific endeavor (Sjors 1948, Sjors 1950, Glaser 1992, Damman 1P86n¢2
peatlands can be acidic and have low ion content for reasons not related to ombrotrophic conditions
(Sjors 1950; Gore 1983, Gorham and Janssens 1992, Cooper and Andrus 1994, Bridgham et al.
1996, Wheeler and Proctor 2000, Tahvanainen 2004, Prdcsbr 2009); (3) vegetatichased
determinations of bog and fen dondét al ways <co
Tahvanainen 2004, Proctor et al. 2009); and (4) the use of unverified indicator species to detect
the mineral soil water limitan make the argument circular (Gorham and Janssens 1992, Wheeler
and Proctor 2000).

Other approaches for detecting the mineral soil limit include the use of peatland morphology, pH,
electric conductivity, and Gaconcentration. Peatlands that are raiaedve the surrounding

terrain are inferred to be ombrotrophic based on the assumption that the biologically active portion

of the peat is above the influence of minerotrophic waters entering at depth (Glaser and Janssens
1986, Vitt et al. 1994). Howevesmbrotrophic conditions are known to occur in peatlands without
substantially raised topography (i . e. Afl at b
the bog can extend below the mineral soil water limit in the lagg (Heinselman 1970, Damman
1986, Rydin et al. 1999, Proctor et al. 2009). Another scenario observed in flat bogs is when
ombrotrophic peat may be thick enough to affectSpbagnunground layer, yet thin enough that

some vascular plants penetrate far enough to access minerotrophidepger in the profile
(Proctor et al . 2009). tanbmodlrmaprhi cl DHE)s od evshd
convex peat surfaces that receive little minerotrophic inputs. He noted that precipitation tended to
flush these inputs, thus depleting mantent. Underlying protrusions of bedrock or large sediment
deposits could elevate a peat body, as could strong upwelling groundwater (Wolf and Cooper
2015). A regional example of the latter is the Ebey Island Fen, a large peatland (over 300 hectares)
which is elevated approximately 2.5 meters due to strong, upwelling groundwater associated with
regional aquifers (Shaw et al. 2022).

Hydrologic patterns and water chemistry measures are helpful for determining the relative
influence of precipitation and gumadwater inputs into a peatland. Porewater chemistry and
downward movement of water (recharge) are both strong indicators of ombrotrophic conditions
(Ingram 1983, Damman 1986, Siegel and Glaser 1987, Glaser et al. 1997, Proctor et al. 2009).
Because C4 concentration is extremely low in precipitation, measuretf Gancentrations < 2.5

mg/L, or a Ca:Mgf 1.0, have been used to indicate ombrotrophic conditions (Malmer et al. 1992,
Sjors and Gunnarsson 2002, McHaffie et al. 2009, Proctor et al. 28®@8en et al. 2017b). A pH

< 4.2 has been used as a threshold to separate bogs from fens in many parts of the world (Sjors
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1950, Glaser et al. 1981, Glaser et al. 1990). However, as noted above, very acidic conditions and
low ion concentrations can ocdar reasons not related to ombrotrophic conditions, for example
fens supported by very dilute water from crystalline rocks (Sjors 1950; Gore 1983, Gorham and
Janssens 1992, Cooper and Andrus 1994, Bridgham et al. 1996, Wheeler and Proctor 2000,
Tahvanainer2004, Proctor et al. 2009). Atmospheric inputs of*CM, P, and heavy metals into
rainfed bogs often result in pore water concentrations that overlap with ranges found in
minerotrophic poor fens, making use of these variables as ombrotrophic indicatiesnatic at

least in some regions (Wheeler and Proctor 2000). Comparing the chemical composition of
contributing hydrological sources relative to peatland pore water composition can be helpful for
discerning primary water sources (Proctor et al. 2009However , the &éminer al
rarely sharp, as hydrological and ion inputs can vary seasonally and across years (Glaser et al.
1997; Proctor et al. 2009, Siegel and Glaser 1997). Tahvanainen (2004) did not find a strong
relationship betwee@a* concentration and a pooich fen indicator metric. Malmer et al. (1992)
argued that there are no universal chemical signatures of bog waters, with pH in bogs ranging from
3.5 to 4.5 and G4 concentrations from < 1 mg/L to 2.5 mg/L. In Fennoscandiah British
peatlands, bogs typically have a pH < 4.2, although it can be as high as 4.5 in oceanic areas where
high rainfall washes organic acids from the peat (Gorham 1957, Sjors and Gunnarsson 2002,
Tahvanainen 2004, Proctor et al. 2009, Joosten 20alb). Proctor et al. (2009) argue that the
Ca:Mg of ombrotrophic peatland waters is similar to that found in local precipitation. Although
Procter et al. (2009) recommend a Ca:Mg of 1 (with*Cancentrations < 2 mg/L) to delimit the
ombrotrophic bounds, Sjors and Gunnarsson (2002) note that concentrations éf Mg
precipitation are higher closer to maritime coasts, leading to lower Ca:Mg in coastal ombrotrophic
bogs. This may also be the reason many oceanic bogs, like those along the norther@ &stifi

of North America, have a higher pH and higher species diversity compared to ombrotrophic
peatlands inland (Sjors and Gunnarsson 2002). Thus, an approach using Ca:Mg needs to be
calibrated against solute concentrations in local precipitation.

Regardess of the measure, another complicating factor is that the mineral soil water limit can be
spatially and temporally variable within a given site (Proctor et al. 2009). Although precisely
delimiting the mineral soil limit boundary can be difficult (Sj@sd Gunnarsson 2002, Moore
2002; Proctor et al .2009), determining whether ombrotrophic conditions existvhether
precipitation is the predominant water sodrds critical for identifying appropriate and effective
management, restoration, and conservatgnals. A mulimeasure approach, based on a
preponderance of evidence associated with peatland morphology, vegetation composition, water
chemistry, and hydrological patterns, may be the most effective approach for determining the
relative proportions ofvater sources into a peatland (Gore and Janssens 1992; Bridgham et al.
1996, Wheeler and Proctor 2000).

1.2.3 Global, Continental, and Regional Distribution of Ombrotrophic Peatlands

1.2.3.1 Global Distribution

Peatlands are found across the globe, ngtrare concentrated in cold, high latitudes, tropical

forests, and in mountainous regions (Damman 1995, Rydin and Jeglum 2013, Charman 2002).
Most peatland area is located within temperate zones, with the majority occurring in the northern
hemisphere (Mo 2002). North America is estimated to support over 170 million ha, or about
41% of the worl dbdébs peat area (Moore 2002). Ca
area (Moore 2002). The distribution of peatland types is strongly associated vatiatetjmate




patterns (Moore and Bellamy 1974, Glaser and Janssens 1986, Vitt et al. 1994, Parviainen and
Luoto 2007).

Ombrotrophic peatlands have a narrow distribution tightly associated with specific climatic
conditions. These peatlands are generaliyntl in cool climates where precipitation exceeds
evapotranspiration (Charman 2002, Glaser and Janssens 1986, Damman 1995, Vitt et al. 1994,
Parviainen and Luoto 2007, Moen et al. 2017). In the northern hemisphere, ombrotrophic peatlands
are most common ifemperate maritime or humid, snowy, continental climates withtoewbrm

summer temperatures and little seasonality in precipitation (Gignac et al. 2000, Kottek et al. 2006,
Parviainen and Luoto 2007). This includes northwest Europe, the Baltic codbtast Europe

(to central Siberia), and northern portions of North America (Heinselman 1970, Damman 1979,
Eurola et al. 1984, Damman 1986, Glaser and Janssens 1986, Malmer et al. 1992, Vitt et al. 1994,
Damman 1995, Charman 2002, Masing et al. 2010, Mbah 2017).

Wet, maritime climates with modest temperature extremes support blanket bogs and raised plateau
bogs, like those found on the southern coast of Finland (Vasander 1996).d&miwated
continental climates, with wide temperature extremes gnedter seasonality, support raised
domed bogs and slightly raised or flat bogs (Damman 1995, NWWG 1997, Kottek et al. 2006).
Climate envelopes developed for Fennoscandia peatlands showed that ombrotrophic peatlands in
that region develop in areas wherean annual temperatures range from 1.6° to7 &% mean

annual precipitation is > 49 cm/yr.; however, growing degree days (a measure of average heat
accumulation) was the most significant variable predicting the presence of ombrotrophic peatlands
in Femoscandia (Parviainen and Luoto 2007). On the other hand, ombrotrophic peatlands have
been documented in areas exposed to extreme droughts and with minimal moisture surplus.
Groundwater recharge is thought to be a mitigating factor for bog persistenceas that
experience periodic summer droughts (Glaser et al. 1997), as well as regions with a distinct wet
and dry season (Hebda and Biggs 1981, Howie et al. 2016). Ombrotrophic peatlands are also found
in the southern hemisphere and in the tropics (RgdahJeglum 2013).

1.2.3.2 Continental Distribution

In North America, ombrotrophic peatlands have been documented across much of Canada
(National Wetlands Working Group 1997) and in northern sections of the United States (Gajewski
et la. 2001). In northetesn Canada and Maine, a variety of ombrotrophic peatlands have been
described (Damman 1977, 1979, 1986, Damman and French 1987, Foster and Glaser 1986, Jeglum
1991, Glaser 1992, Glaser and Janssens 1986, National Wetlands Working Group 1997). In this
region, the southern boundary of ombrotrophic bogs runs from northeastern Vermont to northern
New Hampshire and southwestern Maine (Damman and French 1987). Flat, ombrotrophic bogs
have been noted in upstate New York (Andrus 1980), Vermont (Sorenson et]).d&tlas far

south as the Allegheny Mountains of West Virginia (Darlington 1943, Rigg and Strausbaugh
1949). Further south, ombrotrophic peatlands (regionally known as pocosins) occur on the coastal
plain of North Carolina (Richardson 2003). In the Midtyeombrotrophic peatlands are
widespread in Minnesota (Heinselman 1970, Glaser et al. 1990, 1997) and southwest Ontario
(National Wetlands Working Group 1997). Small ombrotrophic bogs have been reported in
Wisconsin and lidar data indicate that at least site appears to be slightly raised (Epstein 2017,
Ryan O6Connor, Wi sconsin Dept. of Natur al Res
an abundance of serambrotrophic to weakly minerotrophic peatlands (Gates 1942), but
ombrotrophic peatlands aralso reported (Kost et al. 2007). The modeled distribution of
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Sphagnurdominated peatlands within the United States (includes both ombrotrophic bogs and
acidic fens) across North America includes the north Pacific Coast, the Central Rocky Mountains,
and he upper Midwestern and Northeastern regions (Gignac et al. 2000).

1.2.3.3 Regional Distribution

Ombrotrophic peatlands in western North America are reported for Alaska (Osvald 1933; Rigg
1937, Neiland 1971, Viereck et al. 1992), continental western @gvat et al. 1990), coastal
British Columbia (Vitt et al. 1994, Hebda and Biggs 1981, National Wetlands Working Group
1997, Golinski 2004, Howie and van Meerveld 2013, Howie et al. 2016), and the Olympic
peninsula of Washington State (Rocchio et al. 202bw elevation,Sphagnurdominated
peatlands are also found along the Oregon coast, though hydrologic and water chemistry data are
needed in order to make a determination of ombrotrophic conditions at these sites (Christy 2001).
The vegetation compositicof these acidic peatlands does not suggest that they are ombrotrophic,
but they are floristically unique from other regioisdhagnundominated peatlands, so further
investigation may be warrantésphagnurdominated, minerotrophic peatlands are foundamy

of the mountain ranges of the Pacific Northwest (Chadde et al. 1998; Rocchio and Crawford
2015b).

Ombrotrophic bogs form in the extremely wet and mild climate patterns associated with coastal
British Columbia (Vitt et al. 1994, Golinski 2004, Kottekal. 2006; Howie and van Meerveld
2013, Howie et al. 2016). The climate of this region is somewhat different from other maritime
regions where ombrotrophic bogs develop; annual precipitation is higher than maritime regions in
Europe and winters are mddthan in eastern North America (Malmer et al. 1992). For example,
ombrotrophic peatlands in extreme southwest British Columbia, occur within a warm, summer dry
climate region (Hebda and Biggs 1981, Howie and van Meerveld 2013, Kottek et al. 2006). Only
one published study has demonstrated ombrotrophic conditions in a Washington peatland (Rocchio
et al. 2021).

Il n Washington $Sphaghusd o mibmagtsedd amedatil ands o have
(Osvald 1933; Dachnowsigtokes 1936, Rigg 1925, 1940, 199958, Osvald 1933, Hofstetter

1983). Rigg (1925) defined bogs as areas with nearly continuous cover of3piragnunspp.,

with Sphagnunpeat soil, and a flora dominated by ericaceous shrubs, trees, and distinctive
herbaceous species. Early literatarb o ut Washi ngtonds peatlands (R
that two types of bogs were found in the state: (1) flat bogs and (2) raised bogs. Raised bogs are
noticeably elevated above the level of the surrounding area (Rydin and Jeglum 2013). The process

of peat accumulation creates a conspicuous raised surface that develops above the surrounding
topography and isolates the bog surface from surface and/or groundwater influence. This creates
ombrotrophic conditions (meaning the bog only receives water andmta from precipitation).

FIl at bogs are also known as firaised, | evel bo
(Davis and Anderson 2001), and Afl at and basi
are not perceptibly raised relative teithouter margins. In the Puget Lowlands, these ecosystems

have a distinct hummock/hollow pattern in their centers, except those that border ponds, which
generally consist ddphagnuntawns or carpetsénsuSjors 1948). Except for a single known site,

all Sphagnundominated peatlands in Washington are either flat bogs or acidic fens (Rigg 1940;

Rigg 1958; Kulzer et al. 2001; Rocchio et al. 2021). Rigg (1919) described regional bogs not as

At ypical rai sed bogso, r at hethan at the yarga,rbatthé s | i gt
di fferences in | evel i's at mo s t 1 meter or |
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Sphagnunbogs in western Washington are, however, sufficiently raised so that their convexity

can be recognized by merely lookingl@em. Some are 5 or 6 feet higher in the center than at the

mar gins, but t he sl eStokes (1336)aoted that deveral paatlamda, which o w s |
Aimay be characterized as raised bogso, eere f
may represent the large groundwater mound fens reported by Shaw et al. (2022). In all of these
cases, no hydrological or water chemistry data were collected to confirm ombrotrophic conditions.

Gi ven Ri gg06s SpHagrfubagi itis importamttk eae p i n mind that h
concept includes ombrotrophic bogs and acidic, minerotrophic fens. To avoid confusion, local
researchers have sppgnersoendnasedgpeheéel bedmoifi r
avoid the complicated determinati@f whether a site meets a strict, ombrotrophic definition

(Kulzer et al. 2001). This concept matches the bog definition used by Rigg in his research (Rigg
1925, 1940, 1951, 1958).

1.3 PEATLAND CONSERVATION VALUES

Peatl ands occupy alénd sutface3(@ser d00 mitlidn éna) and aré globadly
significant for their role regulating climate, supporting biodiversity, and providing other ecosystem
services (Joosten and Clarke 2002, Moore 2002, Parish et al. 2008). Peatland biodiversity is
distinctfrom other wetland types and in many regions they support numerous rare and unusual
species (Gorham 1990, Warner and Asada 2006, and Rydin and Jeglum 2013).

Peatlands support endemic beetles (Lane 1938, Johnson 1979, LaBonte et al. 2001, Bergdahl
2020),dragonflies (Warner and Asada 2006), fungi (Filippova and Thormann 2014), butterflies
(Pyle and Hammond 2018), spiders (Kupryjanowicz et al. 1997, Crawford, 2022), and a distinct
flora (Gignac et al. 1991, Wheeler 1993, Gignac et al. 2004). Each peatfenthds unique
chemical composition, hydrological patterns, landscape settings, and vegetation structure, all of
which provide different filters for biodiversity (Noss, 1990, Wheeler 1993, Vitt et al. 1995, Sj6rs
and Gunnarsson 2002, Rochefort et al. 20ER)ristic diversity, composition, and life forms also

vary across continental and regional gradients (Glaser et al. 1990, Gignac et al. 1991, Gignac et al.
2004, Warner and Asada 2006, Rydin and Jeglum 2013, Howie et al. 2016). Bogs have more
diverse lihens, liverworts, dwarf shrubs, and trees while fens have higher diversity of herbs, ferns,
and true mosses (Warner and Asada 2006). Vascular plant species richness in North American
raised bogs is highest near the coast and decreases inland (GlaseHd®Wi2et al. 2016).
Peatlands contain many obligate vascular plant and bryophytesgecend in no other habitats,

plus numerous relict species occurring at the southern extent of their range (Minayeva et al. 2017).

The Washington Natural Heritage PragrfWNHP) considers lowlan&phagnurdominated

peatlands to be a State Threatened ecosystem type due to natural rarity, significant direct loss to
urbanization, historical peat mining, conversion to agriculture, and ongoing degradation of
ecological integty in extant occurrences (Table 2; Rocchio & Crawford, 2015a, 2015b; DNR
2022). At least 17 state sensitive, threatened, or endangered plant communities are associated with
Puget LowlandSphagnurdominated peatlands (Table 2). These plant communitiesderovi
habitat for 29% of the statebdbs rare wetland p
a survey of carabid beetles in Puget Lowland wetlands, Bergdahl (2020) found 18 species to be
restricted tdSphagnurdominated peatlands. These included e St at e Candi dat e I
beetle Agonumbelle)i , a r egi onal endemic, and tEanes St at e
hatch), which is only found in Puget LowlarSiphagnunrdominated peatlands (Bergdahl 1997;
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WDFW 2015). Two butterflies, thMakah copperfcaena mariposamakpgh and Juneds ¢
(Lycaena mariposa jun)ahave extremely narrow ranges and are only found in c&gstalgnum
dominated peatlands of the Olympic peninsula (WDFW 2015; Pyle and Hammond 2018). During
the course of ts project, the first North American record of a bog potwor@ognettia
sphagnetorumwas found at one of the project study sites (Reeves et al. 2021). There are at least
34 spiders that are restricted to, or primarily found Sphagnurdominated peatlarsdin
Washington State, including the globally imperiled Georgia Basin bog spider (Bennet et al. 2006,
Crawford 2022, NatureServe 2022). The Subarctic Blgeefagrion interrogatujnis found in
Sphagnurdominated fens in northeastern Washington. Washiggeon 12 popul ati ons
bog lemming $ynaptomys borea)isa species known to inhal8phagnunrdominated peatlands,

are mostly in the northeastern portion of the state, but one was recently located in the Puget
Lowlands (WDFW 2015). The State SensstiOlympic mudminnowNovumbra hubbgiis found

in pools and slow moving streams associated $fthagnurdominated peatlands in the lowlands

of western Washington.

Peatlands play a vital role in the global carbon cycle. Although they cover only 3%kofthiet h 6 s
terrestrial surface, they hold 550 gigatons of carbon in their peat (Joosten 2008). This translates to
30% of the worlddéds soil carbon stock, the equi
as all the carbon stored in terrestrial biosnasd twice the carbon stored in global forests (Joosten
2008). LivingSphagnunspecies an&phagnurderived peat have been estimated to cover over

1.5 million kn? in boreal regions across the world (Clymo and Hayward 1982). This translates to
approximategy 150 Gt of carbon, suggestiigphagnunhas a greater ability to store carbon than

any other genus in the world (Clymo and Hayward 1982, Rydin and Jeglum 2013). However,
peatlands may alseleasecopious amounts of methane and carbon dioxide when ssdggger
negative carbon balances (Moore, 2002; Rydin & Jeglum, 2013). Protecting intact peatlands and
restoring degraded ones are important actions that can help mitigate ongoing climate change.

1.4 THREATS TO PEATLANDS

1.4.1 Land Use

Agriculture, urlanization, timber harvest, water use, transportation, recreation, mineral extraction,
grazing, and other human land uses can negatively impact wetland integrity (Laine et al. 1995;
Gunnarsson et al. 2000; Minayeva et al. 2017; Lachance and Lavoie 2G0w &ed Booth 2012;
Pasquet et al. 2015; Sheldon et al. 2015), but sensitivity to hindaced stressors can vary
between wetland types (Hruby 2014). Historical and contemporary land use practices have
impacted hydrologic, geomorphic, and biotic struetand function of peatlands in western
Washington. Urban development has been demonstrated to have negative impacts on chemical,
physical, and biological integrity of wetlands in the Puget Sound region (Azous and Horner 1997).
Conversion of peatlands fogculture has resulted in significant loss of peatland extent. Many
coastal peatlands, especially along the southwest coast of Washington, have been converted to
cranberry production. Puget Lowland peatlands have been lost to development and conversion to
agriculture. An estimated 31% of all wetland area has been lost statewide (Dahl, 1990). A recent
estimate ofSphagnurdominated peatlands identified by Rigg (1958) indicated that 13.5% have
been lost across the lowlands of western Washington, and 17% hin Puget Lowland
ecoregion have been extirpated (Rocchiopublished dafa On an aredasis, Bell (2002)
concluded that 69% @phagnurdominated peatlands in King County were lost or degraded due

to agricultural conversion, peat mining, and/or urbewelopment over a Sfear period. Peatlands
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in other portions of the Puget Lowlands have been drained, cleared, and/or mechanically disturbed
via these same stressors (Rigg, 1958; Bell, 2002). Stressors affecting extant peatlands have
changed over timén the past 5/5 years, development has increased dramatically around Puget
Lowland peatlands while stressors associated with peat mining, pastures, and agriculture have
declined (Figure 1; Pan and Shaw 2019). However, during the same timeframe, timggorapo

sites with surrounding natural land cover has not changed significantly over the-pa¢é y€ars

and remains nearly 80%.

Direct alteration of hydrologic regimes (i.e., channeling, draining, damming) or indirect alteration
(i.e., roads or vegetian removal on adjacent slopes) can change species composition and wetland
extent. Water diversions and ditches can have a substantial impact on the hydrology as well as
biotic integrity of peatlands. If stressors reduce water table depthppdattion and subsequent
decomposition occur. Decomposition can lead to reduced peat body depth, altered hydrological
patterns, and increased nutrient flux, all of which can result in a change in species compaosition.
Converselyjncreasedsurface flow into a bogam result in conversion to a new wetland type, like

a marsh, that reflects the new hydrology (Ireland and Booth 2012). As such, it is important to
understand whether a site functions as an ombrotrophic peatland (i.e., bog) or is primarily
maintained by gnondwater and surface water inputs (i.e., fen). Vegetation type, productivity, and
overall peatland structure are influenced by pH, mineral ion concentrations, available nutrients,
and cation exchange capacity. Changes in water table level, increaseiiletations, increased
nutrient/catioAloading, and changes to composition and abundance of plant species have all been
identified as useful measures for documenting strassloiced change in peatlands (Lachance &
Lavoie, 2004, Ireland & Booth, 2012; Ryd& Jeglum, 2013). Additionally, peat core data (e.qg.,
pollen and macrofossil data) provide a temporal perspective of these changes, helping discern
natural variation from humaimduced changes (Ireland & Booth, 2012).

Landscape stressors can cause siamf ecosystem changes, such as potentially converting acidic
peatlands to intermediate fens, forested or shrub swamps, or marshes (Ireland and Booth 2012;
Kulzer et al. 2001). Such wetland type conversions may be driven by increased water flow into or
decreased water drainage away from peatlands. Indeed, studies outside of Washington have
demonstrated the sensitivity of peatland floristic composition to adjacent drainage or altered
upland hydrology (Pasquet et al. 2015), as well as nutrient loading tmypomt sources such as
agriculturatderived, dust deposition (Ireland and Booth 2012). Numerous stressors may increase
flow into peatlands, including roads, channelized flow, and logmeteged drops in precipitation
interception and transpiration rai@dglamus 2014). Such impacts can have negative consequences
for hydrological regimes of peatlands, resulting in changes in decomposition and species
composition. Besides impacting the hydrol ogic
increase sediant, contaminant, and nutrient inputs. Increased nutrients (whatever the source) can
alter species composition and,Sphagnurdominated peatlands, result in the losSphagnum

or a shift inSphagnuntomposition. Surrounding land use can directly orautly
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Figure 1. Land Use Change in Puget Lowland Peatland®roportions are number of sites with
stressor detected relative to total sites (n=249); site could be counted toward multiple s{fe@sansl Shaw
2019)

affect water quality of peatlands and dowradient surface waters. Runoff in urbanized
watersheds may increase pH in peatlands, particularly where cement surfaces are abundant (Kulzer
et al. 2001). Increased ions (especially¥'CMg?*, or CQ?) can raise souecwater pH, alter

nutrient dynamics, and increase decomposition rates (Ireland and Booth 2012; Pasquet et al. 2015,
Moore 2002). When a peatlandés carbon bal ance
there may be an associated nutrient reldasdownstream ecosystems (Kulzer et al. 2001). If
downstream ecosystems include more peatlands, excess nutrients may cascade throughout the
watershed.

When ditching or upstream restrictions | ower
decompositin, and land subsidence can lead to reduced peat depth, altered hydrological patterns,
and increased nutrient flux, in turn causing species composition changes. A mere 15 cm water
table drop may result in carbon loss ef37 g cn? yr! (Alm et al. 1999) When summer water

tables remain below a depth of 40 cm for long intervals, woody species may increase, initiating a
positive feedback on drawdown by increasing evapotranspiration (Damman and French 1987;
Verry 1997). Shading by dense woody species mayimdecreas8phagnunecover (Rigg 1958).

That said, manyphagnunspecied especially hummock speciésre weltadapted to survive
periods of drought due to their high moistuetention qualities (Clymo 1997). The elastic
hydrological properties of such esges may contract the acrotelm (the portion of the peat body
near the surface) during droughts, allowing the bog to persist until wetter conditions return (Moore
2002, Waddington et al. 2015). However, ldegn reductions in water table may exceed the
temporal threshold of these buffering processes.

Localized peat mining has clear impacts on the physical integrity of peatlands (Moore 2002).
Additionally, localized peat removal may alter subsurface water storage capacity and channelize

A

surface flow, futhe degrading the o6intactd portion of
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nutrient cycl es and speci es composition i n
accumulation rates of peat, once it is mined (i.e. removed) the peatland cannot be testored
historical conditions in a time frame relevant to management activities. In western Washington,
Rigg (1958) estimates a peat accumulation rate of ~1 inch per 40 years (2.5 cm per 40 years, or
0.60 mm/yr). Peat cores collected as part of this projegesied similar estimates of 2.3 inches

per 100 years (5.8 cm per 100 years, 0.58 mm/yr). This estimate is also similar to rates of 2.6 in.
per 100 years (6.67 cm per 100 years, 0.67 mm/yr) determin&g@agnunpeat layers at Burns

Bog (Hebda 1977).

A special type of peat mining occurred in the early 20th century wher@pivegnungspecifically

S. papillosurhwas harvested for surgical dressing during World War | (Nichols 1920). The mining
occurred as community act insasulteden,000 aacks ef dhosé mo s s
being gathered per day (Nichols 1920). Although this activity did not disrupt underlying peat
deposits, the impact thiSphagnumharvesting has had on peat accumulation or vegetation
composition is not known.

1.4.2 Fire

Fire can be an important natural disturbance in some peatland types. The frequency and severity
of fire is dictated by regional climatic conditions, human activities, and hydrological and
vegetation patterns of the peatland. Fire is likely to be a recuandginfluential disturbance
process in peatlands exposed to seasonal and/oramerl variation in temperature,
precipitation, and humidity due to those peatlands typically having a higher density of shrub and/or
tree cover which can carry fire moreagtively than herbaceous sites (Rydin and Jeglum 2013,
Waddington et al. 2015).

Fire can have a significant effect on the shand longterm successional trajectory$phagnum
dominated peatlands (Osvald 1933, Rigg 1958, Hebda and Biggs 1981, Beasdotét 2008).

Osvald (1933) recognized the significant role fire plays in the development and succession of
Sphagnundominated peatlands in the Georgia Basin and Puget Lowlands, also noting the summer
dry season as a key r esteewamps smay cdnvertIplbagnuap r e v a |
dominated peatlands when fires kill trees and decrease evapotranspiration (Asada et al. 2004). This
is apparent in some of the peat profiles investigated by Rigg (1958), where -peaidis
succeeded bg8phagnunpeat.At some sites, these patterns repeat over time, indicating dynamic,
nortlinear successional trajectories. Very large,-$icarred, western redceddrh(ja plicatg

snags are occasionally observed&phagnurdominated peatlands in western Washington. Such
large trees are not found Bphagnurdominated peatlands, indicating that these sites were
previously forested swamps before fineluced conversion t8&phagnurdominated peatlands.

Some of these fires may have been the result of intentional burnirdjagieat, upland areas
subsequent to logging.

Native Americans and early European settlers intentionally set fire to bogs in the Upper
Midwestern United States to encourage growth of blueberries (Crum 1992). Native peoples on the
western portion of the Olypic peninsula intentionally burn peatlands to maintain and encourage
growth of usable plants (Anderson 2009). The extent to which tribes used fire in Puget Lowland
Sphagnurdominated peatlands is not known. Presumably fire would have provided simitgr utili

as documented on the Olympic peninsula. Early European settlers routinely used fire to clear
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Sphagnurdominated peatlands prior to attempting to drain and then convert them for cultivation
(Rigg 1958).

Fire frequency irSphagnunrdominated peatlands tfe Pacific Northwest presumably varies by

size and location of the peatland, though we are not aware of any published research documenting
fire frequency intervals. With nehuman ignitions, small peatlands likely burn when fires move
into the site from djacent forests. Thus, such sites likely have fire frequency similar to adjacent
forests. Human ignitions could have resulted in more frequent fires (Anderson 2009). Large
peatlands may have fire frequencies that are different from the surrounding landSoap
example, Burns Bog near Vancouver, British Columbia is an extremely large bog (3,000 hectares
or 11.5 sq. miles) that is thought to have historically burned every couple of hundred years. Today,
it burns more frequently due to increased accidentaham ignitions. Signs of past fire are
common in manysphagnurdominated peatlands of western Washington, includingstieered

snags and downed wood. These fires may have resulted froHoggstg burning of slash piles,

as most of these sites occutandscapes managed for timber resources.

1.4.3 Invasive Species

Invasive species are generally not a significant thrégphagnurdominated peatlands of western
Washington at this time. However, European bir@&et(la pendula highbush blueberry
(Vaccnium corymbosuin and inflated bladderwortJgricularia inflata) are currently the most
concerning, as they occur in numerous sites and appear to be expanding in occupied peatlands.
There are numerous nonnative species at Summer Lake in Skagit Couappimatto have been
intentionally planted, including Venus flytrapDibnaea muscipulp purple pitcher plant
(Sarracenia purpureg yellow pitcher plant $arracenia flavgy and white pitcher plant
(Sarracenia leucophylla The purple pitcher plant and yal pitcher plant, which have also been
found at other Washington locations, have expanded their footprint at the site, while the other
species have either declined or remained very restricted over the years (Weinmann 2021). In
particular, the yellow pitchreplant has expanded dramatically and is also abundant at another
Sphagnunrpeatland in Skagit County. The nonnative tawny cottongEssphorum virginicum

and Canadian rusldyncus canadengigire also found at Summer Lake and are thought to have
inadveatently been introduced when the carnivorous species were planted (Weinmann 2021).
Tawny cottongrass is an abundant nonnative species at Burns Bog where it was thought to have
been introduced by contaminated peat extraction equipment (Sarah Howie, personal
communication).

1.4.4 Climate Change

Peatlands are the largest terrestrial source of carbon in the world and thus play a significant role in
the Earth's carbon cycle. Development and persistence of peatlands is controlled by the balance of
water inputs ad storage in relation to evapotranspiration. Increased temperatures may increase
decomposition at the same time as productivity (Moore 2002, Valiranta et al. 2016, Oke and Hagar
2017, Rydin and Jeglum 2013). The balance between these two dictates alyptieerpeatland
continues to accumulate peat or begins to lose its peat mass to decomposition. That said, a drop in
the water table can override these changes, resulting in increased peat decomposition, a negative
carbon budget, and, with enough time,\@nsion to a nopeat accumulating wetland type (Rydin

and Jeglum 2013). The quantity and quality of water contributed to a peatland either via
precipitation, groundwater discharge, or surface flow are the most important variables associated
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with peatlanddevelopment and ecology. As such, distinguishing between ombrotrophic and
minerotrophic peatlands is critical for understanding vulnerabilities to climate change.

Northern peatlands have spatially and temporally complex, positive and negative feedbacks
associated with climate, making predictions about the direction and magnitude of dintated

change difficult (Waddington et al. 2015). Numerous studies suggest that autogenic processes in
ombrotrophic peatlands (e.g., hydrological setjulation) prowile some buffer against shifts in
precipitation regime (Valiranta et al. 2016, Oke and Hagar 2017). "Mire breathing" is an example
of this autogenic process in which the peat surface rises and falls with fluctuating water tables,
thereby keeping the surfacegetation near the water table (Rydin and Jeglum 2013). Mire
breathing may provide ombrotrophic peatlands with resilience against the initial effects of
decreased precipitation and increased evaporation, butdomgdrops in the water table would
eventally override this autogenic response (Rydin and Jeglum 2013). In raised bogs, increased
winter precipitation is unlikely to buffer against increased evapotranspiration during summer
months. Once raised bogs are saturated, additional water inputs thunladfy and exit the wetland
basin.

Development of Washingtd®phagnundominated peatlands was initiated immediately following

the recession of continental and alpine glaciation, about 12,000 to 16,000 years ago. In that time,
Sphagnunrdominated peatlandsave been exposed to climatic shifts. Peat profiles from many
WashingtonSphagnurdominated peatlands demonstrate abrupt shifts to forested swamps or
sedgedominated fens, while other sites were able to persist despite periods-tédondrought

and inceased temperatures (Rigg 1958). While some of these changes seem to be consistent with
expected climatienduced change, modifications to the surrounding landscape (e.g., beaver dams,
forest fires, landslides, etc.) could also have caused similar eqossfsifes. Some studies suggest

that increased temperatures may increase peat accumulation in bogs due to an increase in
Sphagnunprimary production, while other research indicates that increased warming would
increase microbial activity and result in a teds of peat (Oke and Hagar 2017). It is not clear
what the balance might be in leslevation Sphagnurdominated peatlands in western
Washington, but they may be susceptible to a switch towards negative carbon balance and
subsequent cessation of peat acalation. Peat loss would eventually shift tBphagnum
dominated peatlands toward another wetland type, such as a marsh, shrub swamp, or forested
swamp. However, pollen from peat cores taken from a raised, ombrotrophic bog near the Hoh
River indicate thabog vegetation has persisted at those sites, without interruption, for the past
8,000 years (Heusser 1974, Rocchio et al. 2021). Additionally, peatland development in these sites
began and persisted in a climate that was warmer and drier than the emdycexperienced on

the western Olympic peninsula (Heusser 1974, Gavin et al. 2013). Across the globe, tree cover is
thought to be increasing in bogs (Moore 2002, Valiranta et al. 2016, Rydin and Jeglum 2013).
Comparing notes from Rigg (1958) with recaatial photography, Zong and Shaw (2019) showed

that the presence of treesSphagnurdominated peatlands has dramatically increased since 1921
(Figure 2). Some research suggests historical land use may be the culprit, while other research
points to incrasing temperatures and decreased precipitation (Valiranta et al. 2016, Edvardsson et
al. 2015, Rydin and Jeglum 2013). Increased tree cover is presumed to increase evapotranspiration
and lower the water table, ultimately leading to accelerated peat desitimmpg¢Moore 2002,
Valiranta et al. 2016, Edvardsson et al. 2015, Rydin and Jeglum 2013). Yet other studies have
disputed these outcomes, instead suggesting that increased evapotranspiration from greater tree
cover is offset by decreased evapotranspindtiom shaded understory vegetation (Moore 2002,
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Limpens et al. 2014). If tree invasion occurs to the extent that canopies become closed, understory
bog vegetation will likely be eliminated and peat accumulation will stall.

As noted previously, Native Amieans frequently used fire to manage vegetatioBghagnum
dominated peatlands on the Olympic peninsula. If increased fire were coupled with increased water
table depth, significant changes in vegetation composition and structure, peat depth, water
chemstry, and hydrology would likely occur, possibly shifting the peatland to another wetland
type. However, the autogenic processes of the peat body are thought to maintain conditions that
allow Sphagnunto eventually reestablish (Waddington et al. 2015).nated above, the time

frame for such recovery is unknown and may be beyond any practical management timeframe.
The temporal dynamics &phagnundominated peatlands occur over a much longer time frame
than changes in many other wetland types.

Based on cthate change predictions for Washington State (Siemann and Warheit 2011), the
following changes and potential outcomes may affgdtagnurdominated peatlands across the
lowlands of western Washington:

Predicted warmer winters may increase germination amdval of tree seedlings in
Sphagnundominated peatlands, leading to an increased abundance of seedlings
(Fitzgerald 1966)

Prolonged summer drought could lead to extended low water tables providing a more
competitive environment for the abundance of neee tseedlings, with an eventual
outcome of excessive tree encroachment (Siemen and Warheit 2011; Barthelmes et al.
2015)

Extreme heat events could kill tree seedlings and shrubs, as was observed in numerous
Puget Lowlandsphagnurdominated peatlands duritige heat dome of 2021.

Extreme heat events / increased solarization could scorchfsmirty sides of hummocks,
thereby reducingphagnuntover (Bragazza 2008).

Shifts from snowto rainrdominated precipitation regimes could expand potential locations
for bog development at higher elevations (Barthelmes et al. 2015)

Abundant tree cover is a hallmark characteristic of coastal peatlands in western North America
(Sjors 1983). Coupled with the fact that Washington State is at the southern edge of toé range
ombrotrophic peatlands in western North America (Rocchio et al. 2021; Gignac et al. 2000;
Gajewski et la. 2001), it is possible that the tension between closed forests and open peatlands has
been in play for centuries or longer. Climate change couldgsiliis pendulum more permanently
toward increased tree encroachment, which appears to be occurring in many peatlands in western
Washington (Figure 2; Pan et al. 2019). This tension may also explain why Native Americans are
known to have used fire in logakatlands to manage woody vegetation (Anderson 2009). Lack of

fire and/or increasing effects of climate change are both possible causal factors for the increased
tree cover in western Washington peatlands (Figure 2; Zong and Shaw 2019).
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Figure 2. Change in Tree Presence in Lowlan&phagnumdominated Peatlands of Western
Washington since 1921(Zong and Sha019)

1.5 EXISTING REGULATORY, MANAGEMENT, AND CONSERVATION GUIDANCE

The unique biodiversity, ecosystem services, amdigeity to human stressors associated with
Sphagnusd o mi nat ed peatl ands have |l ong been rec
conservation, management, and regulatory communities (Rigg 1925, 1958; Osvald 1933, Dyrness

et al. 1975, Kunze 1994, Chadde etl@P8, Hruby 2004, Granger et al. 2005, Sheldon et al. 2005,
Rocchio et al. 2021). Over the years, conservation plans, regulations, policies, and management
guidance have been developed to explicitly or indirectly protect the critical ecological values
provi ded by Washingtonb6s peatl ands. Conservatic
programs have targeted protection of rare and-figility Sphagnurdominated peatlands for

over 50 years (Dyrness et al. 1975, WDFW 2015, DNR 2022). The WashingfartDent of

Ecology developed special wetland permitting and management guidance for peatlands (Hruby
2004, 2013, and 2014; Granger et al. 2005). Below is a brief description of known guidance related

to the preservation, management, restoration, andateguof Sphagnurdominated peatlands in

western Washington. In order to be effectively implemented, these efforts need the best available
science regarding the ecological variability and sensitivity to human stress&pshafjnum

dominated peatlands, @&lg with assessment protocols and tools to help determine these
characteristics.

1.5.1 Washington Department of Natural Resources, Natural Heritage Program

The Washington Natural Heritage Program (WNHP) uses methods shared by NatureServe and the
network d natur al heritage programs to catalogue
prioritize their conservation needs, and conduct surveys for their locations. This information helps
guide funding toward critical areas for biodiversity conservation andde® the framework for

the statewide system of natural areas. Information on priority species and ecosystems comes from

a wide variety of sources, including government agencies, conservation organizations, consultants,
and extensive fieldwork and researbly WNHP staff. Sitespecific and species/ecosystem
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information is maintained in Biotics, an integrated database used by WNHP that currently contains
more than 7,000 records of rare species and raredfuglity ecological communities. These data

are essdral to planners and landowners, helping them make land use decisions that balance
economic growth and development with conserva

The WNHP uses the U.S. National Vegetation Classification (USNVC) to catalog and set
conse vation priorities for Washingtonds ecosyst
within an ecological context, is a comprehensive classification system for all vegetation types in

the United States. The USNVC is an eightel hierarchy with classigation levels ranging from

coarse to fine, reflecting the functional ecology of plant communiSetagnurdominated

peatlands of Washington State are included in three USNVC groups (USNVC 2022): (1) North
Pacific Open Bog and Acidic Fen Group; (2) Nohcific Maritime Wooded Bog and Poor Fen

Group; and (3) Rocky Mountain Acidic Fen Gro@phagnurdominated peatlands of lowlands

of western Washington are part of the North Pacific groups. The WNHP has 225 records of
USNVC Sphagnurdominated peatland assations in its database, 138 of which are found within

t he Puget Lowlands. These records, al so known
rare and/or higlguality stands of USNVC associations that WNHP feels warrant some level of
conservatioraction due to their rarity and/or excellent ecological integrity. These data inform

many of the policies and guidance that are described below.

1.5.2 Statewide System of Natural Areas

In 1972, the State Legislature passed the Natural Area Preserv&emise(d Code of Washington

79.70), recognizing the need for, and benefits of, permanently designating areas explicitly for
conservation of biodiversity and geological features, research, and education. The Natural Area
Preserves Act authorized the WashimgtState Department of Natural Resources (DNR) to
establish and manage a statewide system of natural areas through cooperation with federal, state
and local agencies, private organizations and individuals. In 1991, the Legislature passed the
Natural Resouwres Conservation Areas Act, which established another critical conservation land
use designation, to protect critical biodiversity resources, geological features, archaeological
features, and scenic areas are also compatible witimipact recreation use€ollectively, these
designated natural areas are intended to provide critical habitat for rare and vanishing species,
conserve representative examples of the state
for scientific research and educatidimday, this system consists of lands managed by numerous
federal and state agencies as well as private conservation organizations.

A primary goal of the statewide system of natural areas is to protect representative examples of

t he st at e @slecosysteen typep @yrness et al. 1975; DNR 2022). Selection of natural
areas not only considers the presence of these targeted elements but also the ability of the site to
sustain populations of those rare species or maintain ecological integrityaigéed ecosystem

type. Because of the degree of huaratuced habitat loss, degradation of habitat quality and
fragmentation of natural landscapes, the statewide system of natural areas contains some of the
last places where rare species can survivk, as ome of the best remainin
ecosystems, especially in landscapes where other conservation designations such as National Parks
or Wilderness Areas are lacking.

Currently, 27 natural areas protect some typ8mfiagnurdominated pe&nd across the state,
with 13 natural areas protecting examples of the North Pacific Open Bog and Acidic Fen Group,

17



11 natural areas protecting examples of the North Pacific Maritime Wooded Bog and Poor Fen
Group, and 3 natural areas protecting exampfeth® Rocky Mountain Acidic Fen Group.

Although the North Pacific Open Bog and Acidic Fen Group and the North Pacific Maritime
Wooded Bog and Poor Fen Group are both consid
System of Natural Area, many of the&SNVC associations that are part of those groups remain

high priorities for protection within the natural area system (DNR 2022).

1.5.3 Local Government and Land Trust Natural Areas

Many local governments and ngovernmental organizations manage naturahsithat, while
potentially not meeting the criteria to be included in the statewide system of natural areas, still
protect significant ecological resources, includBghagnurdominated peatlands.

The King County Department of Natural Resources proguatagnurmdominated peatlands as

part of their natural areas system (King Coun
King County Natwural Areas. King Countydés natu
that provides fish and wdlife habitat and embodies the beauty and character of our region's

|l andscapeo and are managed f or tirhpacsrecreationol o gi ¢
activities.

There are 32 |l and trusts active i ausecononsicer vi ng
and ecological values. Some land trusts protect native ecosystem types, in8pdagnum

dominated peatlands. Some of these sites are included in the statewide system of natural areas,
while others are not, but still provide critical pealtanc onser vati on. Two of t
sites are owned and managed by land trusts or similar organizations.

1.5.4 Washington Department of Natural Resources, Forest Practices

The Forest Practices Board is a Washington State agency that developkddstaor Forest
Practices Rules, to regulate how timber harvestingcpmemercial thinning, road construction,
fertilization, forest chemical application and other forest practices are implemented (Title 222
WAC) to meet the goals of the Forest Practiseis(chapter 76.09 RCW) and Stewardship of Non
industrial Forests and Woodlands (chapter 76.13 RCW). Forest Practice Rules are designed to
protect public resources such as water quality and fish habitat while maintaining a viable timber
industry. Rules imolving water quality protection are approved by the Washington Department of
Ecology before adoption by Forest Practices Board.

I n order to determine which wetland types r ecf
Forest Practice Rules consider impaitt wetlands by first categorizing them into different types

that reflect their ecological variation and associated sensitivity. Due to high sensitivity to the
effects of timber harvesting, nal |l forested a
considered Type A-16/085).Beys atesdefingd WANS codt@xRas wetlands
having organic soils 16 inches ( &Sphagnumpospr mor
Labrador tea, bog laurel, bog rosemary, sundews, and sedges; dpdsawe an overstory of

spruce, western hemlock, lodgepole pine, western red cedar, western white pine, Oregon
crabappl e, or quaking aspen, and may be assoc
nutrient poor fens and is equivalent to how thenteésphagnurd o mi nat ed peatl ands
this report.
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Type A wetlands have special rules to protect their sensitive nature. This includes developing a
plan to harvest in the wetland buffer that ensures trees are not felled into or cable yarded across
the wetland (WAC 22:P8). Harvest is not allowed within bogs and roads are also not permitted

to be constructed in bogs or low nutrient fens. Type A wetlands (including bogs) have larger
Wetland Management Zones (WMZs) relative to Type B wetlands. WMZsrhaxerestrictions

on timber harvest activities than areas outside the WMZs.

1.5.5 Washington Department of Natural Resources, Habitat Conservation Plan

The Washington Department of Natural Resources, State Trust Lands Habitat Conservation Plan
(HCP) isan ecosysterbased forest management plan that outlines a path to protect habitat for at
risk species, while also conducting forest management and other activities on state trust lands to
generate revenue for public schools, universities, and otherrsdéitations. The core element of

the HCP outlines how DNR providés:

Habitat for northern spotted owls, marbled murrelets, and ripdependent species such
as salmon
0 Habitat for other animal and plant species listed as threatened or endangerdedsriie

or state governments
0 Habitat for unlisted plant or animal species that might be declining in numbers or that could
be listed at some future time
Uncommon habitats and habitat elements (talus fields, caves, cliffs, oak woodlands, large
snags, baldamineral springs, and large, structurally unique trees) that support the various
species that depend on them
Old-growth forests in the five habitat conservation planning units in western Washington
Unstable slopes

O«

O«

O¢ O«

In addition to protecting bedependentse ci es such as Bell erds groul
beetle, the HCP also affords special management considerations to bogs (larger than 0.1 acres), as
defined by Forest Practice Rules. These considerations are implemented within a 100 to 150 ft.
bufferaround the bog.

1.5.6 Washington Department of Ecology, Wetland Rating System

Washingtondés wetlands are ecologically wvariahb
values. While all wetlands provide some level of ecosystem services, many lvévgicat
characteristics that result in unique or highly valued ecosystem functions. These unique wetlands
may be rare on the landscape, relatively undisturbed, or support rare species. Managers, planners,
and citizens need tools to understand the resaaoe of individual wetlands in order to protect

them effectively. The Washington Department of Ecology developed the Wetland Rating System
to provide managers, planners, and citizens a tool to differentiate between wetlands based on their
sensitivity todisturbance, their significance, their rarity, our ability to replace them, and the
functions they provide (Hruby 2014). The Wetland Rating System assigns a wetland to one of four
categories, ranging from Category 1 (rare or irreplaceable) to Categoepvilyhmpacted and
providing low levels of ecological function). The rating categories are intended to assist in
developing standards for protecting and managing wetlands to reduce further loss of their value as
a resource. The categories are often ugetebision makers to determine the buffer width needed

to protect a wetland from adjacent development, the amount of mitigation needed to compensate
for impacts to the wetland, and permitted uses in the wetland.
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Bogs are typed as Category 1 wetlands withit he Wet | and Rating Syste
sensitive to disturbance and impossible tcere e at e t hrough compensator
2014). The Wetland Rating System defines a bog as (1) having organic soil horizons that are 16
inches (40 cm) or merof the first 32 inches (81 cm) of the soil profile (less if on bedrock or

floating on water); (2) have more than 70% cover of mosses at ground level and have at least 30%
cover of Abogo species (listed i nalehtoldwyhe2 01 4)
t erSphaghusd o mi nat ed peatlandsdé is used in this r

Washingtonbés Growth Management Act (GMA) requi
regulations that protect critical areas. These regulations help to preserve thieenaitmament,

maintain fish and wildlife habitat, and protect drinking water. Wetlands, including bogs, are one

of five O6critical areas6 defined in this | egi s
governments as a framework for protectietlands as part of their Critical Areas requirements
(Ecology 2016; Commerce 2018). Within these requirements, Category 1 wetlands like bogs are
generally afforded wider buffer widths, more stringent mitigation requirements, and more limited

use relativeo other wetland types.

1.5.7 Washington Department of Ecology, Wetland Mitigation Guidance in Washington State

The Washington Department of Ecology, U.S. Army Corps of Engineers, and U.S. Environmental
Protection Agency have developed guidance to impridwe quality and effectiveness of
compensatory wetland mitigation in Washington State. Bogs are explicitly noted in many portions

of the guidance. The guidance defines bogs as (1) wetlands with peat, (2) a pH < 5, and (3) with
plants and animals adaptedduch conditions. Avoidance is strongly emphasized as the preferred

action for bogs due to their rarity, sensitivity, and the difficulty to replace them through restoration
actions (Ecology 2021). When avoidance is not feasible, the guidance notess$eataiion is

the only viable option with which to compensate for impacts (Ecology 2021) and that a
preservation ratio should start at 24:1. The guidance also notes that preservation should include
provisions to fAmini mize selyafectthewdteeahemismypiithese t h a i
wetland types. This could include providing additional upland buffer as part of the compensatory
mitigation proposal. o0 Recommended buffer widt/
the level of impact inhte buffer, with 100 ft. recommend for relatively undisturbed buffers (e.g.,

open space), 190 ft. for moderately impacted buffers, and 250 ft. for highly impacted buffers
(Ecology 2021).

1.5.8 Washington Department of Ecology, State of Wetland Science in Washington

The Washington Department of Ecology and Washington Department of Fish and Wildlife
completed a two volume report on the status of wetland science to assist local governments in
meeting Growth Management Act requirements (Granger et al. 2008p8tet al. 2005). These
publications provide a thorough overview of issues related to wetland management, conservation,
and regulation. Both volumes address bogs in a variety of contexts.

1.5.9 Washington Department of Fish and Wildlife, State Wildlife Action Plan

Washingtondés State Wi ldlife Action Plan (SWA
conserving the stateds fish and wildlife spec
(WDFW 2015). The SWAP is part of national effort by all 50 stares five U.S. territories to

develop conservation action plans and participate in the State and Tribal Wildlife Grants (SWG)
Program. The SWG Program is intended to support state actions that benefit wildlife and their
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habitats, but efarGieat astl yCadspercvatsi on Need (
i ndi vidual state. The SWAP assesses the statu
threats and challenges, and recommends actions needed to conserve SGCN and their habitats over
the long term. An overall goal of the SWAP is to identify actions needed to conserve wildlife and

their habitats before species become too rare and restoration efforts too costly. The intent of the
SWAP is to inform conservation priorities and actions stmle, and provide tools and
informational resources to support collaborative conservation initiatives across a range of
organizations and entities.

The North Pacific Bog and Fen Ecological System (Rocchio and Crawford 2015b) is considered a
Habitat of Gretest Conservation Need in the SWAP, as some SGCN are dependent on this
ecosystem type (WDFW 2015). The North Pacific Bog and Fen Ecological System includes all
peatland types in western Washington and thus describes a concept broadgphhgmum

dominatel peatl|l ands. However, a few SGCN identi fi
Bell erds ground b eSphagnemlomiaated peatlanslso ci at ed wi t h

A state conservation goal of the SWAP is to identify occurrences of the North Pacific Bog and Fen
Ecological System and then (1) protect key sites through acquisition, easement, low intensity land
uses, and protection of hydrology; (2) support creation of Growth Managemeittaged
Voluntary Stewardship Plans; and (3) build resilience for added sifesdmate change by
addressing existing stressors

1.5.10 Draft Management Guidance for Low Elevation, Sphagnum-dominated Peatlands of

Western Washington

Draft management guidance for low elevati8phagnunrdominated peatlands was provided in

Kulzer et & (2001) The guidance generally focused on preventing or mitigating for potential
stressors in a peatlanddéds watershed and was
professional judgement (Kul zer eti milnar2y0®d 1due
the lack of data describing pathways by which human activity could impact acidic peatlands.
However, given the rate of human population growth and subsequent imoinaed stressors

affecting acid peatlands, they noted an urgent needrfmra comprehensive set of management
guidelines.

The guidance was organized around (1) physical factors, (2) chemical factors, and (3) biological
factors. The specific recommendations are summarized below. Additional details are found in
Kulzer et al. (201).

Physical Factors:

0 Prevent or reduce peat extraction/mining.
0 Maintain existing forest cover in the peat
0 Ifloggingorlanduse conversion occurs in the peatl a

an area downstream of tBphagnunareas in the peatland, avoiding backwater effect that
could flood those areas.

If land use is predicted to increase water table drawdowns, consider engineered infiltration
trenches or gravdllled reservoirs to augment summer flows.

O«

21



O«

Keep flows dispersed tdné¢ extent possible; if flows are concentrated, do not introduce

them into aSphagnurdominated peatland in a piped discharge. Design a flow dispersal
system at the edge of a 2@ibt wetland buffer.

If possible, avoid routing roads thouglsphagnurdomimmt ed peatl andobs wat
Road runoff should be dispersed and treated through a properly sized filter strips.

Trampling from human foot traffic within &phagnurdominated peatland can be
addressed by building either a lampact trail (using noralkalinebuilding materials that

allow light penetration) through a portion of the peatland or building a viewing platform

above the peatland.

O« O¢ O«

Chemical Factors

0 Treat any surface runoff before it enters the peatland so that over 90% of the total settleable
solidsand as much of the nutrient context of the water as possible.

0 Avoid use of calciunrtontaining materials (e.g., Portland cement, whitewash, cement
structures, etc.) iBphagnusd o mi nat ed peatl andds watershed

0 Avoid fertilization of forests and lawns withithe watershed oSphagnurdominated
peatlands.

0 Restrict any land disturbing activities in the watershed, including logging, during the rainy
season.

0 Dry season land disturbances should be revegetated before rainy season begins to avoid

sediment transpornhto the peatland.

Biological Factors

0 Prevent shading &phagnunmosses by maintaining conditions that prevent shrub growth,
such as a high summer water table and the avoidance of nutrient enrichment.

0 Maintain stable water table levels and prevent minagchl water from entering the
peatland to avoid invasion of tif&phagnurdominated zone by marsh species such as
cattail (Typhaspp.).

0 Place interpretative signs at all trail access points irfpteagnunrdominated peatland,

advising people to clean théaotwear of plants seeds (especially those of reed canarygrass

(Phalaris arundinacepbefore entering the peatland.

1.6 PROJECT OBJECTIVES

Past and ongoing land uses within and adjaceSptagnurdominated peatlands have resulted

in loss and degradatiaf peatland biodiversity in many areas of the world, including Washington
State (Kulzer et al. 2001, Joosten and Clarke 2002, Rocchio and Crawford 2015b). Effective
conservation and management of peatland biodiversity and other ecological values requires a
understanding of their landscape setting, hydrological processes, water chemistry, associated
biotic patterns, and response to human stressors. However, despite the fact that some of the earliest
research oSphagnundominated peatlands in the Unitedt8saoccurred in the Pacific Northwest

West (Rigg 1917, 1919, 1925, 1937, 1940, 1951, 1958; Osvald 1933), there has been limited
guantitative study of the hydrological, c hemi
Sphagnunrdominated peatlands ébednik and del Moral 1976; Kulzer et al. 2001; Rocchio et al.
2021) and especially how these peatlands respond to huchaeed stressors (Kulzer et al. 2001).
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Current guidance for buffers, mitigation avoidance measures, watershed planning, and
conservatn site selection applicable &phagnurdominated peatlands is primarily derived from
research addressing stressors in other wetland types (Azous and Horner 1997; Kulzer et al. 2001,
and Adamus 2014). Because of the unique ecological characterist8ghagfnumdominated
peatlands, there is a need to understand how adjacent land use may affect their ecological integrity.
Protection, management, and regulatory actions need to be tailored to the specific requirements of
Sphagnurdominated peatlands to mitigaimpacts and help protect these rare and valuable
wetlands.

For example, many existing regulations and management guidance do not explicitly consider water
source(s), which could result in undesirable outcomes for thetéwng management of Puget

Lowland peatlands. A better understanding water source(s) and potential effects of adjacent land
use on Sphagnurdominated peatlands is needed to ensure that regulatory permitting,
compensatory mitigation requirements and guidance, and voluntary restoraticonaedvation

actions are effective in preventing, managing, or mitigating stressors induced by adjacent land use
activities. Understanding a peatlandés hydr ol
developing protection strategies, mitigati@esarios and restoration actions.

This research is intended to address significant data gaps, update existing guidance, and potentially
inform new guidance to improve the effectiveness of regulatory, conservation, and management
actions seekingto protept,r eser ve, and restore Washingtonos
attempts to quantify impacts to peatland ecological integrity and relate them to surrounding land
use.

Many of the policies, regulations, and conservation actions previously lwEsaiepend on
ecological assessment tools that can be employed in an efficient areffeoste manner, but

that also provide reliable results. This project tested the utility of multiple rapid assessment
methods against hydrological, chemical and vedgetajuantitative measures.

This project focused on low elevatio8phagnurdominated peatlands, all of which are very
acidic, low in nutrients, and may be ombrotropldphagnunrdominated peatlands also occur in
montane regions of the state, but thoseamidic to circumneutral, minerotrophic peatlands (fens)
dominated by various sedgé&safexspp.), willows Galixspp.), and bog birciBetula glandulosh
Such peatlands were not the focus of this research.

Low elevation, Sphagnurdominated peatlands we chosen because of their significant
conservation value, sensitivity to anthropogenic stressors, and the longcafas required for

their development and potential restoration (Hruby, 2014; Rocchio & Crawford, 2015a, 2015b;
Minayeva et al., 2017). Ithis study, we quantified variation in hydrology, water chemistry, and
vegetation across gradients of land use intensity, precipitation, watershed size, and connectivity
with adjacent uplands. Peat notiths were collected from the surface peat layer&raet sites to

explore patterns of pollen and macro/microfossils and whether they correspond with initiation of
adjacent land uses, abrupt shifts in the peat profile, and/or tree encroachment. These data have
been used to address the following questionshgpdtheses:
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1. What are the biotic and abiotic patterns of Puget Lowl&ptdagnurdominated peatlands

as they relate to climate, hydrology, water chemistry, watershed conditions, and adjacent
land use?

2. Do ombrotrophic bogs exist in western Washington?

3. How do rapid ecological assessments correlate to quantitative measures of ecological
integrity?

Another question we initially sought to address was the extent to which tree encroachment in low
elevation,Sphagnurdominated peatlands in western Washingtonlacal (site) or widespread
(regional) phenomenon. However, limited funding and staffing capacity prevented the level of
investigation needed to address this question. This is an area of inquiry that needs to be explored

in order to determine whether trexceoachment is a result of climatic and/or local stressors and/or
a natural successional dynamic.
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2.0 STUDY AREA T PUGET LOWLAND ECOREGION

This study focused on acidi§phagnurdominated peatlands within the EPA Level 3 Puget
Lowland ecoregion (EPA 231 DNR 2022). The ecoregion is a broad rolling landscape that
primarily occupies a continental glacial trough (from Thurston County to the Canadian border)
and includes many islands, peninsulas, and bays in the Puget Sound area. From the lowlands
surroundng the Puget Sound, the ecoregion extends south to include the upper basin of the
Chehalis River and the Cowilitz river valley and the Portland Basin in Clark County (Figure 3).

2.1 GEOLOGY AND TOPOGRAPHY

This ecoregion lies in a topographic and structtraalgh between the Cascade Range to the east
and the Olympic Mountains and Willapa Hills (e.g., Coast Ranges) to the west. The region is
relatively broad but narrows considerably in the southern end (Figure 3). Other than a few areas in
the SanJuanisldhns , most of the region occurs below 50
topography is a result of glaciation that began in the early Pleistocene with four periods of
extensive glaciation. Glaciation ceased between 200,000 to 740,000 years dgmasuthitiated

during the late Pleistocene. Contemporary landscapes are primarily the result of the last continental
glacier (the Cordilleran Ice Sheet) that moved through the region about 18,000 years ago and began
to recede around 12,000 years ago. itkeadvanced from what is now British Columbia to just
south of Olympia. Surface runoff from the Cascades was dammed by the ice sheet and/or diverted
south along the flanks and around the terminus of the glacier south of Olympia and out to the
Pacific thraugh the Chehalis River valley. These events left a landscape almost entirely derived
from glacial deposition or erosion. South of the outwash areas in the Chehalis River valley, the
topography is mostly a result of stream erosion. However, alpine glacidrgheir associated
outwash deposits are found in the Cowlitz River valley and into the Columbia River (Pringle 2008).
Some posglacial alluvial erosion and deposition has modified the landscape in riverine settings.
Kettle holes, glacial till, morainegjacial scours, meltwater outwash, compacted till, proglacial

lake deposits, and contemporary alluvial and shoreline landforms affect the distribution of wetland
types and distribution across the Puget lowlands.

2.2 CLIMATE

The ecoregion is characterizbg a mild, maritime climate. Prevailing wind directions are from

the south to southwest during the wet season and from the northwest during the summer dry
months. Factors such as distance from Puget Sound, rolling terrain, and influx of oceanic air
throudh the Straits of Juan de Fuca and the Chehalis River valley result in variation in temperature,
growing season duration, fog, rainfall, and snowfall (WRCC 2022). The growing season in the
ecoregion generally lasts from the middle of April until the miadI©ctober.

The majority of precipitation (>70%) falls between October and March. Annual precipitation
ranges from 82 to 96 cm (32 to 38 inches) in the northern portion of the ecoregion (from Seattle to
the Canadian border) while increasing in the soutpertion to 127 cm (~50 inches) in Olympia

and ~48 inches (122 cm) in Centralia (WRCC 2022). Issaquah, which occurs near the eastern edge
of the ecoregion at the base of the Cascades, receives 53 inches (135 cm) per year. Precipitation
approaches 254 cm@Q inches) per year on the western edge of the ecoregion, in Mason County.
Precipitation mostly falls as rain but an average of 25 to 50 cm (10 to 20 inches) of snow
intermittently falls throughout the area. Snowfall and rain increase with elevationstaicei
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:] Puget Lowland Ecoreglon

Figure 3. Puget Lowland Ecoregion

from Puget Sound. Snowfall melts relatively quickly and depths rarely exceed 15 to 38 cm (6 to
15 inches). The rain shadow cast by the Olympic Mountains results in drier conditio®s in th
northeastern portion of the Olympic peninsula, northern Kitsap peninsula, the San Juan Islands,
and the western portions of Whatcom and Skagit counties. For example, Sequim, on the north end
of the Olympic peninsula, receives only 43 cm (17 inches) gar. y

As one moves further from Puget Sound, winters become colder and summers become warmer.
Average annual minimum and maximum temperatures in the ecoregion range frém té4.1
59.2F (6.7C to 15.1°C) in Bellingham, 46.%F to 59.2F (8.2C to 15.1°C) in Seattle, 41% to

60.0°F (5.2C to 15.5C) at Snoqualmie Falls, 40®to 61.2F (4.9C to 16.2C) in Olympia, and

39.8F to 61.2F (4.2C to 16.2C) in Matlock (WRCC 2022).
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2.3 VEGETATION

2.3.1 Puget Lowland Vegetation Patterns

Historically, oldgrowth forest stands of Doughdis (Pseudotsuga menzigsiwestern hemlock
(Tsuga heterophylla and western redcedarh(uja plicatg covered much of the ecoregion. Most

of this original forest has been logged, often numerous times. Contemporary foeestsl a
dominated by the same species, but most stands lack the structural complexity founaatuege

and oldgrowth forests. Bigleaf mapleA¢er macrophyllumand red alderAlnus rubrg are
common forest caominants that tend to increase in abumogain more disturbed forests. Pacific
madrone Arbutus menziegiiand Oregon white oakQUercus garryanpcan ceoccur with
Douglasfir on shallow or coarseoils. Prior to conversion to agriculture or development, dry
upland prairies and Oregon white omloodlands covered extensive areas of coarse glacial
outwash, especially in the southern portion of the ecoregion. Historically, frequent fire kept these
prairies from being invaded by forest species. These fires were primarily a result of intentional
ignitions by Native Americans in recent centuries (Norton 1979, Whitlock 1992, Agee 1996,
Tveten and Fonda, 1999). Very little of this prairie ecosystem remains on the landscape today.
Estuaries are found along some of the inlets of Puget Sound. Marshes sswpanjan areas, and
peatlands are very abundant across the landscape, especially in previously glaciated regions and
along valley bottoms. Large, legradient rivers begin in adjacent mountains and flow through the
ecoregion, terminating in Puget Soundhe northern portion of the ecoregion and the Chehalis
River or Columbia River in the southern extent of the ecoregion. Small streams often originate at
lower elevations. Lakes are numerous in the areas affected by past glaciation.

2.3.2 Vegetation of Puget Lowland Sphagnum-dominated Peatlands

Sphagnundominated peatlands in the Puget Lowlands are characterized by ericaceous shrubs,
typically less than 50 cm in height and open enough to allow for a nearly continuous ground cover
of Sphagnunand certairfeathermosses (e.Bleurozium schrebeyi Labrador teaRhododendron
groenlandicuny, bog laurel Kalmia microphyllg, and salal Gaultheria shalloh are the most
common shrubs. Native small cranbeMga¢cinium oxycoccdsprawls acrosSphagnunearpets,

lawns, and hummocks. In the driest and/or recently disturbed sites, Labrador tea and bog laurel
can be dense and tall (often > than 1 m) to the extent that they exclude otheBspetieksng
Sphagnunspp., cranberry, and sundewBrg¢sera rotundifoligd from growing beneath their
canopy. In relatively wet areas, Labrador tea and bog laurel are typicallgpaektd and exhibit

a shortstatured, stunted growth form (often < 50 cm hi@phagnum fuscuandS. capillifolium

are common hummoelorming species.Pleurozium schreberis also common on top of
hummocks and tends to become more dominant as tree cover (and thus shade) increases.
Sphagnum rubelluns often present in oligotrophic hummocks or langghagnum angustifolium

is a common peat moss in hollswhileS. miyabeanurandS. mendocinurare common in pools

or very wet hollows. Reindeer licherGlédoniaand Cladina spp.) can be abundant, sometimes to
the extent that they outcompeB8phagnumspecies. Some researchers believe these lichens
proliferatefollowing fire (Hebda 1977, Hebda & Biggs, 1981), while others note a recurring cycle
between lichen an®phagnumdominance (Foster & Glaser 1986). Bracken fePtefidium
aquilinum) is common in many bogs, sometimes forming dense stands that may inelasate
disturbance such as fire. Soaks and wet hollows are often dominated by cottdagops®um
chamissonis threeway sedge Dulichium arundinaceuin and white beakrustRpynchospora

alba). Skunkcabbage gsichiton americanys s o met i melss & oarmsd dieve |l hol es
plants appear to inhabit for decades, if not longer (Turesson 1916; Osvald 1933). When present,
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tree® most commonly shore pin€ifius contortavar. contortg and western hemlocki $uga
heterophyllad are most often representey ikelatively short, stunted, bond#ie growth forms

with rounded or flat tops. Often these trees are of small diameter and stature, but exhibit the
furrowed bark of older trees. Western white piRen(is monticola is also common, and Sitka
spruce Picea sitchensiy western redcedarThuja plicatg and Dougladir (Pseudotsuga
menziesj)i are occasionally found.

Laggs occur around the outer perimeter of nstagnurdominated peatlands and act as mixing

zones where water from the interior peatland mixgls water from adjacent uplands or wetland

habitats (Crum 1992, Howie and van Meerveld 2011, Howie and van Meerveld 2013, Langlois et

al. 2015). Lagg development is most pronounced in raised bogs, but can occur in slightly convex

flat bogs (Crum 1992; Heie and van Meerveld 2011), but is not present in Continental bogs in
Alberta, Canada (Vitet al. 1994. Laggs typically have distinct water chemistry and vegetation
composition relative to the interior portion of the peatland (Howie and van Meerveld. 2011
Paradis et al. (2015) suggest that the lagg must be influenced by drainage from the peatland center,
thus excluding large areas surrounding a bog that are relatively unaffected by bog drainage. Some
laggs have been shown to have lower hydraulic condtyctihan peatland centers, thereby serving

to help retain water tables in the interior portion of the bog (Baird et al. 2008). Most Puget Lowland
Sphagnundominated peatlands have outer zones that match these characteristics. Rigg (1925)
referred to thizk,. one as the Oomargi nal ditchd surroundi
referred to them as wet margins or ISghaggusn. Ri gc
bogso had a margi nal d iSphagmundbore¢ ave @ md t i lahdenab g1 d
l ando. Rigg described these marginal ditches &
season, with vegetation dominated by marsh or swamp species. Laggs in Puget Lowland peatlands
are often dominated by western hardhaSki(aea doutgsii), Pacific crabappleMalus fuscy,

willows (Salixspp.), and various sedgé&3afex obnuptaC. utriculata C. aquatilisvar.sitchensi}

(Kunze 1994).

Montane to subalpine peatlands (all of which are fens) are primarily supported by groundwater
discharge or occur along lake or pond shorelines. Species such as beake@assbget(iculatg,

Cusi ¢ k 6G cusiokik gud seflgeC. limosg, woodrush sedgeC( luzuling, inflated sedge

(C. exsiccatp mountain sedgeC( scopulorunmssp.bracteosy, tufted bulrush Trichophorum
cespitosury elephant headPgdicularis groenlandica bog laurel, cottongrassEjophorum
angustifolium), Sitka alder Alnus viridissubspsinuatg, speckled alderd. incang, bog bilberry
(Vaccinium uliginosum and bog bith Betula glandulospare common. Many of these also have

a continuous cover @phagnuns pp. These montane fens are not

2.3.3 Classification of Puget Lowland Sphagnum-dominated Peatland Vegetation

The WNHP uses the USNVC tcad al og and set conservation p
ecosystems. The USNVC is a comprehensive classification of all vegetation types in the United
States (Fabekangendoen et al. 2014). The USNVC classifies vegetation according to shared
physiognomy, fbristics, biogeography, and ecological relationships (Fhbrgendoen et al.

2014). USNVC is the only vegetation classification system for the United States providing a
standardized framework for communication and cooperation on vegetation managenasnt issu

that cross jurisdictional boundaries (FGDC 2008). Such properties make the USNVC ideal for
characterizing regional vegetation types for conservation, restoration, and management objectives.
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The top three levels of the USNVC (class, subclass, formagienyoarse and describe major
structural categories on a global scale, such as temperate forest, cold desert, and temperate
grassland. The middle levels (division, macrogroup, group) reflect distinctive combinations of
species in the context of region&b continentalscale climate, geology, and water cycles, and
disturbance patterns of fire, wind, and flood. These-leweéls include ecosystem categories
familiar to ecologists, like Dougla® T western hemlock forest, marshes, bogs, hardveoodfer

swamp, and shruisteppe. The combination of species largely defines the lowest, mastétee

levels (alliance, association). These levels distinguish between simditherbaceoudominated

acidic peatlands, for example. The association is the finesbfuiié USNVC and has been used

by the WNHP as the primary focus for establishing ecosystem conservation priorities. The
association is defined on the basis of a characteristic range of plant species composition, diagnostic
plant species occurrence, habttanditions and physiognomy. Associations reflect tegaphic

climate, substrates, hydrology, and disturbance regimes.

WNHP ecologists have played a key role in the identification and development of association
concepts for Washington State. This is acplished through synthesis of various vegetation
classification efforts conducted within or applicable to Washington, as well as firsthand collection
and analysis of vegetation plot data over the past 45 years. WNHP staff have collected over 200
relevé plos that were used in the classificatiorSphagnurdominated vegetation types in Table

2 (USNVC 2022). Not listed in this table are a few aquatic vegetation associations that commonly
dominate large pools or ponds witlfdphagnurdominated peatlands. Theselude Brasenia
schreberiWestern Aquatic VegetatiofNuphar polysepalaquatic VegetationSchoenoplectus
subterminalisAquatic Vegetation, andtricularia macrorhizaAquatic Vegetation.

2.4 LAND USE
Conversion of the ecorthergsesmadbeennapid sinced&liroameticad ¢ o
settl ement in the 1850s. Today, the majority

As a result, over 50% of the ecoregion has been converted to urban or tilled agricultural uses, with
most of the remining area in active forestry rotation. The Puget Lowlands are by far the most
highly developed of Washingtonds ecoregions.
in numerous changes to marine and nearshore habitats, including shoreline nmuficat
bulkheading, dredging, diking, proliferation of invasive species, environmental contaminants, and
filling, resulting in loss of native aquatic habitat. Terrestrial natural land cover has been lost to
development and remaining areas show a high degrfeggmentation.

2.5 PEATLAND DISTRIBUTION

There are an estimated 58phagnurdominated peatlands in the lowlands of western
Washington, of which 399 are located within the Puget Lowland ecoregion (Figure 4). Kulzer et
al. (2001) reported 243phagnurdominated peatlands, but their estimate did not include aerial
photography interpretation. The updated tally of 589 is based on a compilation of data sources
summarized in Table 3 (Rocchio, unpublished data). Data sources include known locations from
the Washington Natural Heritage Program database, Rigg (1958), King County Bog Inventory
(Cooke Scientific Services and Kulzer 1997), and Kulzer et al. (2001), and supplemented with
aerial photography interpretation (Table 3).
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Table 2. U.S. National Vegetation Classification Types Associated with Puget Lowland

Sphagnumdominated Peatlands State Conservation Status is described in RER2. Codes are those
assigned by USNVC (CEGLXXXXXX) or WNHP (CWWAXXXXXX)

State
M063 North Pacific Bog & Fen Macrogroup Conservation Code
Status
G284 North Pacific Acidic Open Bog & Fen Group Threatened G284
Carex(livida, utriculata) / Sphagnunspp. Fen Endangered | CEGL003423
Carex cusickir (Carex aquatilisvar. diveg / Sphagnunspp. Fen Endangered | CWWAQ00061
Carex lasiocarpd (Sphagnunspp.) Fen [Provisional] Threatened | CWWAQ000261
Eriophorum chamissonisSphagnunspp.Bog & Acidic Fen Sensitive CEGL003333
" Juncus balticus Comarum palustré Sphagnunspp. Fen [Provisionhl | Endangered | CWWAQ000247
® — - -
S Eignla microphylla- Ledum groenlandicurhXerophyllum tenaghrub Endangered | CEGL003359
R
§ Kalmia microphylla- Vaccinium oxycoccasSphagnunspp.Shrub Bog | Threatened | CWWAQ000224
& | Ledum groenlandicumGaultheria shallon’ Sohagnunspp.Shrub Bog | Threatened | CWWA000226
Iéi(;um groenlandicumKalmia microphylla/ Sphagnunspp.Shrub Sensitive CEGL003414
Ledum groenlandicurhCarex utriculata/ Sphagnunspp. Shrub Bog Threatened | CWWAQ000229
Rhynchospora alba(Vacciniumoxycoccos/ Sphagnunspp. Threatened | CEGL003338
Herbaceou8og
Spiraea douglasit Sphagnunspp. Fen Threatened | CEGL003416
G610 North Pacific Maritime Wooded Bog & Poor Fen Group Sensitive G610
Pinus contorta/a_r. pontorta— Betubk papyrifera/ Ledum groenlandicun] Endangered | CWWAO000235
»» | Treed Bog [Provisional]
® - -
S Pinus contortavar. contorta/ Ledum groenlandicurthSphagnunspp. Endangered | CEGL003337
T | Treed Bog
é Pinus monticold Ledum groenlandicurthSphagnunspp. Treed Bog Endangeed | CEGL003360
2 — -
& | Tsuga heterophylla(Thuja plicatg / Ledum groenlandicurh Threatened | CEGL003339
Sphagnunspp. Treed Bog
Tsuga heterophylla(Thuja plicatg / Sphagnunspp. Treed Bog Endangered | CEGL003417

The majority of Sphagnurdominated peatlands the Puget Lowlands are associated with
landforms of glacial origin (e.g., glacial scours, kettles, etc.), isolated oxbows, old lake beds, or in
areas of groundwater discharge (Rocchio et al. 2014). Peatlands are also found in river valleys and
along l&e and pond shorelines (Kulzer et al. 2001). Many peatlands have been destroyed or
degraded in the urbanized areas of King, Pierce, and Snohomish counties, but there are peatlands
in less urbanized areas of the Puget Sound region that remain relatizetyBdll 2002; Rocchio

et al. 2014; Figure 4). Of the 2&phagnurdominated peatlands reported by Kulzer et al. (2001)

as occurring at low elevations in the western Washington, 18 were deemed extirpated. The most
recent estimate indicates a total of§ihagnumdominated peatlands have been extirpated, with

58 of those in the Puget Lowland ecoregion (Table 3).
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Figure 4. Distribution of Low Elevation, Sphagnumdominated Peatlands of Western
Washington. (Rocchio,unpublished data

Table 3. Summary of Low Elevation,Sphagnumdominated Peatlands of Western

Washington. (Rocchio, unpublished data).

' Total Determination' Confidence Current Status
2] Peatlands Field CEITEY Confirmed | Uncertain | Extant | Extirpated
Photographs

North Cascades 33 17 16 22 11 32 1

Northwest Coas 146 64 82 90 56 144 2

Puget Lowland 406 266 140 328 78 348 58

West Cascades 4 1 3 2 2 4 0
Total 589 348 241 442 147 528 61
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3.0 METHODS

3.1 STuUDY SITE SELECTION

This study focusedon acidic, Sphagnurdominated peatlands within the Puget Lowland
ecoregion. Locally, the target peatlands are
ericaceous shrubs asgphagnunspecies (or, if no livingphagnunis present at the surfadbgen
Sphagnunpeat is found immediately below the surface; Rigg 1958; Kulzer et al. 20adgx

spp. and deciduous shrubs are minor components in these sites, except around the outer perimeter
where a distinct, more minerotrophic zone (lagg) often océlmsost all of these bogs have a tree
component ranging from scattered to nearly closed canopy. The most common tree species in the
bogs include western hemlocksuga heterophylleand shore pinéP{nus contortavar.contortg.

Within the context of otheclassification of peatlands, acidic peatlands of the Puget Lowlands
could range from being ombrotrophic bog to acidic fens (Sjérs 1950, Moore and Bellamy 1974,
and Proctor et al. 2009).

Al t hough these 6bogsd are al $ympicfpenimsuld, thatareat h e |
was excluded from this study due to the natural climatic difference between those sites and the
peatlands in the Puget Lowlands. Constraining this variation was necessary in order to test
differences across stressor gradientse Targeted peatland types all occur within topographic
depressions where water sources include precipitation, groundwater discharge, and surface
flow/overland flows from adjacent uplands. These peatland basins are characterized by vertical
water fluctuatons. Ombrotrophic zones may occur or dominate within these depressions.

A database of potential sample sites within the Puget Lowlands was developed using peatland

|l ocations identified in Rigg (1958), WNHPOGs d
Scientific Services & Kulzer, 1997), and expert input. Each site in the database was attributed with
watershed size and percent impervious surface area within that watershed.

3.1.1 Watershed Size

Watershed size is used in our study as a proxy for pdtsatiace inflows into the peatland. The
greater the catchment, presumably the greater the risk of land use activities impacting the peatland.
Local surface watersheds for each peatland were delineated usirgdglitlead flow accumulation

models in ArcMap(ESRI, 2018). The local surface watersheds related only to immediately
adjacent areas that might contribute surface water into the bog. Since many bogs are isolated or
not directly connected to a creek or river, readily available resources such as Washing s
Watershed Resource Inventory Area (WRIA) boundaries or USGS hydrological units were not
sufficient for delineating potential hydrological contributions into these peatlands.

3.1.2 Percent Impervious Surface Area

Peatland watersheds with greater inmpmss surface areas are presumably at higher risk of impacts

from land uses activities within the watershed. Impervious surfaces eliminate infiltration of
precipitation and convey surface water, along with potential pollutants, toward peatlands. The
Natiora | Land Cover Dataset was used to quantify
contributing watershed.
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3.1.3 Final Site Selection

SeventeerSphagnundominated peatlands were selected to quantify the effects of land use and
watershed characterission wetland hydrologic regime and water chemistry (Figure 5; Table 4).

These peatlands represent the range of variation in size and impervious surface area percentage of
the contributing watersheds. Site accessibility, availability of existing monitdetey and prior

knowl edge of a sitebds characteristics relatiyv
Appendix A shows aerial imagery depicting boundaries of each study site, along with the local
watershed of each peatland.

The study sites alecated on interfluves or in headwater valley segments where thick (>1 m) peat
bodies have formed by terrestrialization of kettle ponds and the margins of larger lakes. All
selected sites are in areas mapped as either till or outwash from late Pleigtacatiens (Jones

1999) and peat coring at eight sites revealed localized glaciolacustrine clay underlying the peat.
Small intermittent streams provide surface water inputs to four sites (Echo Falls, Evans Creek,
Lake Dorothy, and Shadow Lake), whilesites are drained by outlet streams, most of which flow
intermittently during the winter rainy season.

To minimize the effects of climate differences, sites with similar temperature and
evapotranspiration regimes were selected. Annual mean and maximyitegeratures of the

study sites were derived from 800 m grids of 12810 climate normals (PRISM Climate Group
2012), averaging 10.47 N 0.07eC and 15.19 N 0
daily temperatures during the M&eptember drgummer period were also uniform, averaging
15.70 N 0.07eC and 21.54 N 0.08eC, with corre:c
+ 0.12 hPa. Since site elevations in this regional analysis ranged from 290 to 960 m, mean annual
precipitation did ary significantly across the sites, averaging 1,490 £ 97.9 mm, but with a range

of 1,130 to 2,290 mm. However, mean precipitation during -8egtember was much less

variable, averaging 285 + 12.7 mm and ranging from 191 to 396 mm.

3.1.4 Reference vs Developed Sites

For the purposes of some analyses, sites were
the amount of impervious surface areas within 50 m of the peatland boundary, within their
watersheds. Sites with no impervious surface area withim50wer e cat egori zed a
and all ot her sites were considered fAdevel ope
(1997) who found that wetlands with < 3% impervious surface in their watershed had few
indicators of hydrological and water dixadegradation.

3.2 SAMPLE LOCATIONS WITHIN STUDY SITES

Within each study site, locations were selected in two distinct dopeatland centers and ladggs

for hydrological, porewater chemistry, and vegetation sampling. These two locations represent
distinct ecological zones that commonly characterize regiSphlagnurdominated peatlands.
Peatland center locations represent the portion of the study site where vegetation indicative of bog
or very acidic fens is prevalent. The lagg represents the outergperiofithe peatland where water
draining from the peatland center mixes with drainage from adjacent uplands, resulting in distinct
hydrological patterns, porewater chemistry, and vegetation composition (Rigg 1958; Howie and
van Meerveld 2011, 2012, 2013).
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Study Sites

Covington 8 (C8)
Covington Creek 12 (C12)
Cranberry Marsh #2 (CM2)
Arrowhead Bog (AH)
Cranberry Marsh #4 (CM4)
Echo Falls Bog (ECH)
Evans Creek Bog (EC)
Hooven Bog (HO)

Kings Lake Bog NAP (KL)
Lake Dorothy (LD)

Lower Cedar River 16 (LC)
Patterson Creek 18 (PA)
Queens Bog (Q)

Shadow Lake (SL)
Springer Lake Bog (SPL)
Trossachs Bog (TR)
Wetland 14 (W14)

* -OCH ool OHO»

Figure 5. Study Site Locations
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Table 4. Study Site Characteristics

Site Minimum | Maximum Watershed % Impervious % IMDErvious
Site Name County Ownership Elevation | Elevation . Surface o 'mp Site Type
Code Size (ha) Surface (50 m)
(m) (m) (watershed)
AH Arrowhead Bog| Mason Gr‘;‘zggj'fgg”d 117 135 16 16% 0% Reference
C12 Covington 12 King King County 174 185 23 8% 13% Developed
C8 Covington 8 King King County 205 229 16 12% 19% Developed
CMm2 Cranberry Mason Green Diamond 118 126 17 1% 0% Reference
Marsh #2 Resources
Cm4 Cranberry Mason Green Diamond 124 135 15 4% 0% Reference
Marsh #4 Resources

ECH Echo Falls Snohomish Private HOA 125 165 53 10% 1% Developed
EC Evans Creek King Private HOA 117 189 185 37% 38% Developed
HO Hooven Bog Snohomish| Snohomish County 116 152 121 24% 19% Developed
KL gg‘gs Lake King WA DNR 291 321 77 9% 0% Reference
LD Lake Dorothy King WA DNR 150 204 56 7% 0% Reference
LC Lower Cedar King King County 152 207 50 35% 15% Developed
PA Patterson Creek King Sa%%:r;ish 118 152 114 36% 22% Developed
Q Queen's Bog King Sacr:r:%;r;ish 121 143 63 31% 18% Developed
SL Shadow Lake King SNZQ?EOQ,A: elgil:\?e 158 191 74 24% 17% Developed
SPL Springer Lake Thurston | Capitol Land Trust 89 129 17 8% 3% Developed
TR Trossachs Bog King Private HOA 129 172 72 7% 11% Developed
w14 Wetland 14 King King County 154 230 29 26% 20% Developed
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Table 5. Climate Summaries of Study Sites

Average ) Average ) )
Mean Annual Maximum Mean May Maximum May Mean Mean May May
. September Annual September September
Site Name Temperature Annual - September S S
. Temperature Precipitation | Precipitation | Vapor Pressure
(Celsius) Temperature (Celsius) Temperature (mm) (mm) Deficits (hPa)

(Celsius) (Celsius)
AH Arrowhead Bog 10.2 15.2 154 21.7 2287 311 14.1
C12 Covington 12 10.4 15.2 15.6 21.6 1334 298 15.1
C8 Covington 8 10.2 15.0 15.4 21.4 1420 327 14.9
CM2 | Cranberry Marsh #2 10.2 15.3 15.5 21.9 2233 306 14.3
CM4 | Cranbery Marsh #4 10.2 15.2 154 21.7 2254 309 14.1
ECH | Echo Falls 10.7 15.0 15.9 21.3 1256 282 13.2
EC Evans Creek 10.9 154 16.1 21.7 1176 250 14.4
HO Hooven Bog 10.8 15.1 16.0 21.3 1125 241 13.3
KL Kings Lake 9.7 14.5 14.9 20.7 1758 396 14.4
LC Lower Cedr 10.6 15.2 15.8 21.4 1239 253 141
LD Lake Dorothy 10.4 15.0 15.6 21.3 1696 389 14.1
PA Patterson Creek 10.8 154 15.9 21.7 1259 258 14.5
Q Queen's Bog 10.7 15.3 16.0 21.7 1235 256 14.5
SL Shadow Lake 10.5 15.2 15.7 21.5 1277 275 14.5
SPL Springer lake 10.5 15.7 15.7 22.2 1257 191 15.2
TR Trossachs Bog 10.7 15.3 15.9 21.6 1256 251 14.5
W14 | Wetland 14 10.6 15.3 15.8 215 1220 256 14.4
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3.3 HYDROLOGIC AND CHEMICAL VARIABILITY OF STUDY SITES

3.3.1 Installation and Monitoring of Groundwater Wells

WEell nests, consisting of one shallow groundwater monitoring well and nested piezometers, were
established in the peatland center and lagg of each study site to characterize the range of hydrologic
variability in Sphagnurdominated peatlands of the Puget lamwds. Peatland center well nests
were located at the topographically highest point and/or at the geogtpoint within that zone.
Groundwater levels were monitored from May 2018 to September 2021. Monitoring wells (5 cm
slotted PVC) were installed @mpproximately 130 cm depth at each site, in kamgered holes.

Well locations within each study site are shown in Appendix A. At sites where significant inflows
from surface water or stormwater management facilities occurred, an additional well whedinstal
within the area receiving the inflow. Water levels were recorded every two hours using automated
pressure transducers (Hobo U204 Water Level Logger, Onset), corrected for barometric
pressure using a nearby abayreund barometric pressugger. Waerlevels were verified with
manual measurements during March and August/September each year. After removing
observations affected by bailing and water sample collection during site visits, the resulting data
were aggregated to daily mean water tableatlens relative to the ground surface, producing
45,131 daily mean values for the monitoring period.

Seasonal patterns in vertical hydraulic gradients (VHGSs) were analyzed to determine the direction
and relative magnitude of saturated flow in peatlandersrand laggs (Rydin and Jeglum 2013).

Nested piezometers (1.3 cm unslotted PVC) were installed near monitoring wells at depths of 50,
100, 150, and 200 cm. The deeper piezometers (e.g., 150 or 200 cm) could not be installed at some
sites where thick clagr tephra layers were encountered. Water levels were measured by hand with

an electronic tapa piezometers during spring (March) in 2019 and 2020, and at the end of the
summer dry season (August/September) in 22021. Vertical hydraulic gradients (r245) were
calcul ated for each depth increment and for t
tot al hydraulic head and 6z6 is elevation (Fe

3.3.2 Water Chemistry Sampling

Seasonal porewater chemistry was characterized duringsprinlate summer. The spring sample
was intended to capture water chemistry at tvglter levels during the growing season. The late
summer collection event targeted low water levels during the growing season. After bailing at least
three well casing volues (i.e., 3x the volume of water present in the pipe), pH and specific
conductivity were measured in the field for a collected sample (Orion Star A325 pH/conductivity
meter, Thermo Scientific). Additionally, 250 ml water samples were collected andifiieirey a
Nalgene Reusable Filter Unit (Model3@00 50) wi th 45 em filters und:
were stored in Nalgene bottles and kept frozen until analysis of major ion concentrations (Pfaff
1993, EPA 1994) at the University of Washington Anagiti€ervice Center. Measured ions
included major anions (Cl and $), cations (C&, Mg?*, Na', and K), and nutrients (N®,

NH4*, and P@®). Anion concentrations were measured with a-I20 lon Chromatograph
(Thermo Scientific) and cation concentrasowere measured with a JarrBBh ICAP 61E
Inductively Coupled Plasma Spectrometer (Thermo Scientific). Specific conductivity was
corrected for Fion concentrations (EGrx) following Rydin & Jeglum (2006).
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3.4 VEGETATION COMPOSITION AND STRUCTURE OF STUDY SITES

Vegetation data were collected within 108and 400 rirelevé plots surrounding each well nest.
These data were used to analyze relationships between vegetation and wetland position, hydrology,
land use variables, and to calculate Floristic Qualssessment indices for each well nest. Plot

size varied depending on physiognomy of the vegetation: Herbaceous and shrub strata were
sampled within 100 fplots while 400 rfiplots were used to document canopy and subcanopy
trees. Sampling occurred irntdéaMay to early June of 2019 and 2020.

Vascular plant species and nonvascular physiognomic group composition and abundance were
recorded within each plot. All vascular plants were identified to species, subspecies, or variety
when possible. Unidentifiabl@ants were documented at the finest possible taxonomic level. All
plants rooted within a given relevé were recorded. Species were keyed using the Flora of the
Pacific Northwest, 2 Edition (Hitchcock & Cronquist, 2018) and Field Guide to the Sedges of
the Pacific Northwest,"d Edition (Wilson et al., 2014). Identifications were then matched to the
current taxonomy used in the University of Washington Burke Herbarium Washington Flora
Checklist (Weinmann et al., 2002). The U.S. National Vegetation Gtadih vegetation units

for each relevé were determined in the field using keys from Rocchio et al. (2022) and Rocchio
and RamrrGranberg I preparatior).

Cover values for vascular plants were recorded by visually estimating a circle around the outermost
area covered by each plant. Estimates were made separately for each stratum in which a plant
occurred: canopy (>10 m tall), subcanopyi(dm), shrub (05 m), and herb (<0.5 m). Discussion
concerning fAherb compositi on oes toee spécieshacaurding c o mp
within those strata. The following cover classes were uséd1, 25, 510, 1625, 2550, 50

75, 7595, and 95+ percent (Peet et al., 1998). Cover classes were converted to midpoints and
species occurring in fewer than twdene plots were excluded from subsequent analyses.

Nonvascular species were not identified to species, limiting inferences about these taxa in this
study. However, nonvascul ar species were T ec{
Sphagnum(S. capliifolium, S. fuscumS. rubellum etc.) feathermoss Rleurozium schreberi,
Hylocomium splendens, Rhytidiadelphspp., Ptilium spp., etc.), other mos®icranum spp.,
Aulacomniunspp.,Polytrichumspp.), lichen (primarilyCladoniaspp.), and liverwort (pmarily
Ricciocarpos natans

Besides the relevé, nonvascular physiognomic groups were more precisely recorded along 50 m
transects centered on each well nest. Physiognomic group and hummock microposition (top,
middle, toe, or hollow) were recorded at lintervals. Species were noted, but only when field
identifiable. No data were collected directly next to the well nest, where trampling by field staff
was most severe. Data were summarized as relative cover of each physiognomic group.

Tree stem counts werecorded within peatland center relevé plots (48)Gamd tallied by species,
stratum (canopy >10 m; subcanopdl® m; shrub 0.% m; and herb < 0.5 m) and diameter at
breast height (DBH; < 2.5 cm, 2%cm, 510 cm, 1615 cm, 1520 cm, 2025 cm, 2530 an, 30

35 cm, 3540 cm, 4645 cm, 4550 cm, and > 50 cm). Stem density was summarized by stem
height classes (total stem count divided by height class) and diameter classes (total stem count
divided by diameter at breast height, or DBH). Because of theregly limited tree flora in the
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peatland centedsfour total canopy/subcanopy species at peatland éemest tree analyses
below focus on tree density and size measures.

3.5 WATERSHED CHARACTERISTICS

To clarify the effects of climate and landscape cdnd@ the physical functioning of peatlands in

the Puget Lowlands, we examined the effects of watershed characteristics on hydrologic regimes
and porewater chemistry. Mean annual precipitation was estimated from an 800 m gntaf 30
(1980:2010) climatenormals (PRISM Climate Group 2012). Watershed area was calculated using
flow accumulation grids derived from 1 m digital elevation models. The presence of natural surface
water inflows such as intermittent tributaries was determined from aerial imadeny, f
accumulation grids, and site reconnaissance.

3.6 LAND USe CHARACTERISTICS

Land use was quantified using foxariables, (1) the proportion of impervious surface area within

various buffered distances from the wetland boundaries; (2) the proportimperdfvious surface

area within various buffered distances t hi n t he pe a(B)ladandl @sdndewat er s h
within watersheds; and 4he presence of stormwater management facilities discharging to the
wetlands.

Impervious surface areas were estimdi®in a composite spatial data set consisting of the
LANDFIRE U.S. National Vegetation Classification Groups raster (LANDFIRE 2016)
superimposed with four additional data sets: Washington State Department of Transportation
Roads and Highways (WSDOT 202®Jashington Department of Natural Resources Roads (DNR
2020), Washington Department of Fish and Wildlife High Resolution Change Detection (HRCD;
WDFW 2018), and NOAAGOs Coast aCAP(NDAAZ29KS). Dataa | y s i
sets were scaled to 30 nxeis and superimposed in order from oldest to newest. All roads were
considered 100% impervious, including hardened gravel roads. The HREIAPC and
LANDFIRE impervious map classes were converted from ranges to midpoints (e.g., LANDFIRE
ADevel opretden diotwy d wa s -48% impemious te 84.5%)r Thvese cdriposite

data were used to calculate the proportion of impervious surface areas within each watershed and
within 50 m buffer increments from the wetland boundaries to a distance of 500 m.

The Land Use Index (LUI) is a remotely sensed measure of land use intensity (Hauer et al. 2002;
Mack 2006; Comer & Fabdrangendoen 2013; Rocchio et al. 2020a, 2020b) derived from the
previously mentioned spatial data sets plus recent timber harvests doediinethe Washington

Forest Practices data set (DNR 2020). The percentage of different land use types within a
peatl andbds watershed was calcul ated. Each | an
from O (roads and high intensity development)1t® (natural vegetation), with intermediate
coefficients assigned to lower intensity land uses such as recent clearcuts (0.3), pastures/hay fields
(0.4), and ruderal vegetation (0.5) (Table 6). The LUI for each site was calculated as the average
weightedsum of land use type coefficients within the watershed.

The presence of stormwater management facilities discharging to the wetlands was visually
inspected using GIS data from applicable municipalities (where available) and by field inspection.
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Table 6. Land Use Index Calculation Example

. Land Use | % Area
Land Use Categories Coefficient | (0 to 1.0) Score
Paved roads / parking lots 0
Domestic, commercial, or publicly developed buildings and facilities-(r 0 o5 0
vegetated) '
Grawel pit / quarry / open pit / strip mining 0
Unpaved roads (e.g., driveway, tractor trailydeel drive, logging roads) 0.1
Agriculture: tilled crop production 0.2
Intensively developed vegetation (golf courses, lawns, etc.) 0.2
Vegetation cowmersion (chaining, cabling, rotchopping, clearcut) 0.3
Agriculture: permanent crop (vineyard, orchard, nursery, hayed pasture 0.4 .25 0.1
Intense recreation (ATV use / camping / popular fishing spot, etc.) 0.4
Military training areas (armomechanized) 0.4
Heavy grazing by livestock on pastures or native rangeland 0.4
Heavy logging or tree removal (5% of trees > 30 cm DBH removed) 0.5
Commercial tree plantations / holiday tree farms 0.5 0.5 0.25
Recent old fields and other disbed fallow lands dominated by ruderal a
exotic species (includes clearcuts that have regenerated with young 0.5
trees)
Dam sites and flood disturbed shorelines around water storage reservo 05
motorized boating '
Moderate grazing afiative grassland 0.6
Moderate recreation (highse trail) 0.7
Mature old fields and other fallow lands with natural composition (inclt 0.7
former clearcuts with mature native forests) )
Selective logging or tree removal (< 50% of trees > 30 cril D8noved) 0.8
Light grazing or haying of native rangeland 0.9
Light recreation (lowuse trail) 0.9
Natural area / land managed for native vegetation 1.0

Total Land Use Index (sum of scores] 0.35

3.7 POLLEN ANALYSIS

Understanding the effectsf past land use on peatlands is important for setting appropriate
management, conservation, and restoration objectives (Ireland and Booth (2012). This project
sought to use pollen analysis to detect recent changes-2800gears) in vegetation patterrfs o

each site. This information was intended to help discern historical vs more recent changes in
peatland vegetation. Peat samples were collected from three of the study sites (Evans Creek, Kings
Lake, and Shadow Lake). Peat samples were extracted fronlitnereatracted from hummocks.

The bottom of the monolith corresponded to the bottom of hummocks (thus the hollows).
Hummock monoliths were assumed to be a better record of recent history than peat cores as the
cores likely corresponded to ages older EAstan settlement of the region (~1850). Additionally,

the monoliths were not affected by compaction and decomposition and did not have the additional
depth distortion from compaction that inevitably happens with extraction via the Russian corer.
The peat ranoliths were extracted in single continuous pieces (~10 cm x 10 cm x length of profile)
and packaged into roof gutter sections for transport. In the lab they were frozen and sectioned on
a band saw.
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Samples for pollen analysis were collected every3lcmang each siteds monol
of 20 samples were collected along the 53 cm Evans Creek monolith, 23 samples along the 61 cm
Kings Lake monolith, and 35 samples along the 96 cm Shadow Lake monolith.

All pollen was extracted from those 78 ga&s following standard methods (Faegri and Iversen,
2000). Processed samples were stained and pollen was examined at 400X magnification. Pollen
was identified to the lowest taxonomic level possible based on published keys (Faegri and Iversen,
2000; Kapp efal., 2000) and the modern pollen reference collection at the Paleoecology and
Biogeography Laboratory at the University of Ored@mus(pine) grains were differentiated into
PinusandStrobussubgenerdypes based upon the presence or absence of veonitiae leptoma.

A minimum of 350 terrestrial pollen grains in each sample were identified. Pollen zones are based
on a constrained cluster analysis (Grimm, 1987) using the total sum of squares method (based on
percentages of tree, shrub and herbaceouas.tax

Continuous sediment stgamples (1 cf) were extracted from each of the three monoliths
(n=213). Charcoal particles were counted in each of the sedimesamiles at two different size
fractions (>250 um and >125 um) and expressed as a charcoahwaton rate (CHAR,
pieces/crilyear).

3.8 RAPID ECOLOGICAL ASSESSMENTS

Three rapid assessment and measurement techniques were tested for their ability to provide rapid,
surrogate measures of peatland ecological integrity or function. Such technigussimaluable
when intensive hydrological sampling is not practical.

3.8.1 Ecological Integrity Assessment

Ecological Integrity Assessments (EIA) were conducted at each peatland study site. EIA is a rapid
ecological condition assessment method develope#ldiureServe and the Natural Heritage
Network, providing an estimate of the current ecological integrity of each site {Eabgendoen

et al. 2019; Rocchio et al. 2020a,b). Protocols followed Rocchio et al. (2020a), with assessment
areas (AA) defined bthe extent of bog vegetation that occurred in the peatland centers. Vegetation
occurring in the outer margins (lagg) were not included in the AA.

3.8.2 Floristic Quality Assessment

Floristic Quality Assessment (FQMAgased index scores were calculatedefach well nest using

the vascular species composition data from relevé plots collected in this project (Rocchio and
Crawford, 2013). Correlation between FQA indices and abiotic variables and stressors (water
level, water chemistry, percent impervious augf area, etc.) were assessed using linear regression.

3.8.3 Rapid Measure of Shallow Water Levels

PVC tape is known to discolor at the boundary between aerobic/anaerobic conditions, perhaps
providing an inexpensive and rapid measure of water table I@Bmegazza, 1996; Belyea, 1999;
Booth et al., 2005; Navratilovad & Hajek, 2005). Bamboo garden stakes mounted with strips of
polyvinyl chloride (PVC) electrical tape were inserted in hollows (low points between hummocks)
near well nests. Individual stakeene left in the ground for periods of either 6 or 12 months to
represent different time periods: winter (= the rainy season, stake in the ground from fall to spring);
summer (= the dry season, stake in the ground from spring to fall); or one calendstogtarell

nests had three total stakes inserted for sepairatenéh periods, plus one inserted for ari@nth
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period. A variety of colors were used (white, blue, red, green, yellow, and black), but all were
PVC-based. Colors were selected randomly farhestake. Stakes were approximately 180 cm
long. A portion of each stake was left above ground (stickup height) to aid in relocation and to
capture anticipated water level increases above the soil surface. Installed stickup heights generally
varied betweed5 and 45 cm, though some were as high as 110 cm (in lagg sites with particularly
impenetrable shallow soil layers).

The height of the stake above the peatland surface was measured at installation and at the time of
collection (to ensure that the stakedhaot been disturbed). After retrieving the stake, a field
measurement was made from the top of the stake to the first visible discoloration (hypothetically
the highest level that the water level reached over that time period). A field measurement to the
point of full PVC discoloration was also made (the hypothesized lowest water level over the time
period), as in Belyea (1999). An independent observer later repeated both sets of measurements in
the laboratory, where muck and other obscuring material t@utdmoved more thoroughly. This

also provided the opportunity to make measurements under a consistent light source and to
compare likecolored stakes siday-side. All measurements were made to the nearest 0.5 cm and
the observer did not have access ® field measurements. Stickup heights (from the time of
collection) were subtracted from all measurements.

3.9 DETERMINING OMBROTROPHIC CONDITIONS OF STUDY SITES

Ombrotrophic conditions were determined based on the preponderance of topographic, hydrologic
and chemical evidence collected from each sitea Aubset of the study sitestdral hydraulic
gradients (between the peatland and lagg) and vertical hydraulic gradients (within the peat body)
were analyzed to determine the direction of groundwater #svan indicator of water source.
Porewater chemistry was compared to published values for ombrotrophic and minerotrophic
peatlands in other regions, as well as to regional precipitation and groundwater chemistry. Water
flow from the peatland center towattte lagg is suggestive of ombrotrophic conditions, while a
water table draining in the reverse direction (from lagg to peatland center) likely indicates
minerotrophic water sources, in this case the dominance of lateral ground water inputs from the
wetlard margin.

Topography of peatland centers and laggs were determined using lidar. A subset of eight sites were
surveyed with a laser level, using the ground surface at wells in peatland centers as a common
datum. The latter eight sites were used to invatgitateral hydraulic gradienby comparinglaily

mean water table hydrograpbstween peatland center and lagg wélsur of these sites occur

within a managed timber landscape (Arrowhead, Cranberry Marsh 2, Cranberry Marsh 4, and
Kings Lake), while fouwere surrounded by various degrees of suburban development (Echo Falls,
Evans Creek, Queens Bog, and Springer Lake).

Ombrotrophic conditions can also be indicated by negative vertical hydrologic gradients (VHGS),
which describe the direction and potahtmagnitude of vertical groundwater fluxes. Negative
gradients indicate gravitational drainage downward through the peat profile and typically reflect
ombrotrophic conditions. Large positive gradients indicate upward groundwater flow and are
usually assaated with partially confined aquifers, or rapid macropore flow through a low
permeability matrix that creates higher water potentials at depth. Negligible VHGs occur where
groundwater movement is horizontal or nonexistent due to ponding, which couldunctzir
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ombrotrophic conditions or not. As such, negligible VHGs are not clear indicators of ombrotrophic
conditions.

Porewater chemistry is also commonly used to distinguish between ombrotrophic and
minerotrophic peatlands. Porewater pH is often usefiddparating ombrotrophic bogs from poor

fens, and exhibits less seasonal variability than ionic concentrations (Wheeler and Proctor 2000,
Bourbonniere 2009). Bogs in the northern hemisphere have pH values less than 5.0 and often less
than 4.5. Hard thresitds for electric conductivity measures in ombrotrophic peatlands are
uncommon in the I|literature, but Vi tt et al
ombrotrophic bogs but we used 50 €S/ cm for th
peatlands also generally have lower concentrations of most major cations, but higher
concentrations of Cl, SO, and N4, although ranges overlap considerably (Bourbonniere 2009).
Since C&' is scarce in precipitation, €aconcentrations can be a veryefid indicator of
ombrotrophic conditions. Molar Ca:Mg in ombrotrophic peatlands are also typically less than 1.0
(Proctor et al. 2009). Other researchers have noted that < 2.5 mg#*pbr a C&"/Mg?* ratio

of 1.0 are also indicative of ombrotrophionclitions (Malmer et al. 1992, Sjors and Gunnarsson
2002, McHaffie et al. 2009, Joosten et al. 2017b).

3.10 STATISTICAL ANALYSES

3.10.1 Hydrology and Water Chemistry Analyses

Variability in daily mean water levels was analyzed at anmsedsonland montly timescales,

while hydraulic gradients and water chemistry were analyzed at seasonal time scales (spring and
late summer)Water level fluctuations (WLF) were analyzed as the range of daily mean water
levels over the same timescales, following Azous ldodher (1997) Watershed and land use
effects on porewater ionic concentrations were analyzed for a subset of representative ions.
Chloride was used to represent anion variability, since it is unaffected by redox conditions that can
alter SQ% concentrabns in wetlands. Calcium was used to characterize cation inputs to wetlands,
and its concentrations were strongly correlated to those of magnesium (r = 0.947; p < 0.001) and
sodium (r = 0.754, p < 0.001). Nitrate concentrations were negligible in mast seathples and

were not analyzed, but the major nutrientssNidnd PG> were analyzed.

3.10.2 Watershed and Land Use Analyses

All analyses of the longitudinal data were done with linear meféects models using sites as the
repeated measures subjedtsthese models, measured watershed and site characteristics were
analyzed as fixed effects, while random effects were used to account for any unmeasured latent
variables. The effects of watershed characteristics and land use metrics were analyzetyseparate
for peatland centers and laggs to preserve degrees of freedom and simplify model interpretation.

For each analysis, we evaluated models consisting of all combinations of watershed and land use
variables allowing for twavay interactions (n = 189), ugjrthe Akaike Information Criterion

(AIC). This commonly used model comparison metric identifies the most parsimonious models
(lowest AIC score) by weighing model fit against a penalty for model complexity (number of
variables). However, since AIC and otmeodel comparison methods do not distinguish between
fixed and random effects, we used likelihood ratio tests to examine the significance of fixed effects
for the ten models with the lowest AIC scores to obtain the most parsimonious explanatory model,
andonly models with statistically significant terms were considered. Independent variables were
converted to =scores prior to model fitting to account for autocorrelations and varying
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measurement scales, thereby allowing their relative importance to beeasdagctly from the

model coefficients. Allmixege f f ect s model analyses were done \
1.1-26. Marginal f values (variance explained by fixed effects) were calculated using the package

0 MuMI né ver si onrhockompadisodsising aukegdjusied pralues were made

using the packag e-0.all othenamalyssséverg donesvithcbase nctdris in

R version 4.0.3 (R Core Team 2020).

3.10.3 Vegetation Analyses

Nonparametric Multivariate Analysis of Variem (PERMANOVA; Anderson, 2001, 2017) was

used with BrayCurtis distance measures to test the hypothesis of significant vegetation
compositional differences across factors. All analyses used raw species cover data. The use of
l og+1 tr ansf o smoathing dichnet meaningkiley anpatshe interpretations.

Nonmetric Multidimensional Scaling (NMS) ordinations were used to illustrate the relationships
demonstrated in the PERMANOVA results (Mather, 1976; Kruskal & Wish, 1978; McCune et al.,
2002; McQne & Mefford, 2018). NMS analyses used the Sgrensen {Buays) distance
measure, random starting configurations based on the time of day, 250 runs with real data, and a
stability criterion of 0.000001. Only the number of dimensions beyond which additixes
provided only minimal reductions in stress were chosen, based on Monte Carlo tests (Metropolis
& Ulam, 1949). Biplots used aA cutoff of 0.20.

Indicator Species Analysis (ISA) (Dufréne & Legendre, 1997) was used to identify
diagnostic/differetial plant species for reference and developed study sites, as well as other
significant categorical hydrological and land use variables. ISA was performed using quantitative
responses (Dufréne & Legendre ISA eqn. 1), a randomization test, 4999 rung) and ane of da
starting seed. Tree stem density was analyzed using multiple linear regression.

All ordinations and nofPERMANOVA floristic analyses used PORD v.7.08 (McCune &

Mefford, 2018). All PERMANOVA analyses were performed using the Adonis funutitme R
package 6vegandéd (Oksanen et al ., 2020) . Mul t i
functions in R version 4.1.3 (R Core Team, 2021) via RStudio (RStudio Team, 2022). Watershed

and land use predictor variables were convertedsimoresrior to regression analysis.

3.10.4 Rapid Assessment Analyses

The EIA major ecological factor, primary rank factor, and overall scores were correlated with
abiotic and land use variables using linear regression. The correlation between FQA indices and
abiotic and land use variables (water level, water chemistry, % impervious surface area, etc.) were
assessed using linear regression. FQA indices were also compared to EIA scores using simple
linear regression. All EIA and FQA linear regressions were catiedlin R (R Core Team, 2021,
RStudio Team, 2022).

The accuracy and precision of PVC surrogate water table measures were tested using simple linear
regressions. Water levels derived from the garden stakes were correlated with the daily mean water
levels reorded by a data logger in the nearby shallow well. Since color changes may take up to a
week to occur (Belyea, 1999; Booth et al., 2005), the beginning and end of each time series was
trimmed by seven days. Regressions were fitted for the following {@siabinimum, maximum,
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mean, 4 percentile, and 95percentile daily mean water levels over the period of time in which
the stake was in place. The data logger water levels were considered to be the dependent variable.

Table 7. PERMANOVA factors considered when analyzing vascular and nonvascular

composition Level 1 EIA is a GlSbased assessment while Level 2 EIA is a rdigidl based assessment.
Hydrological &

Hydrochemical Factors*

Mean annuaprecipitation | Mean August water level | Whether there are stormwater inflows

Minimum August water Land Use Index of watershed (WNHP Draft Level

Natural Factors Land Use Factors

May-Sept precipitation

level EIA)
Whether there are natural| Maximum August water | Land Use Indexf 100 m buffer (WNHP Level 2
inflows level EIA)
Watershed area Mean January water level Ié?An)d Use Index of 500 m buffer (WNHP Level 2

Whether or not the bog Minimum January water % impervious surface wii the watershed

borders a lake level

mggg?gpsv)gg :Jsrﬁe d :\2 3;(; mum January water % impervious surface w/i 100 m buffer of wetland
Spring mean pH % impervious surface w/i 150 m buffer of wetland
Spring mean E& % impervious surface w/i 200 m buffer of wetland
Summer mean pH % impervious surface w/i 250 m buffer of wetland
Summer mean EG; % impervious surface w/l 300 m buffer of wetland
Spring mean Ca % impervious surface w/i 350 m buffer of wetland
Summer mean Ca % impervious surface w/i 400 m buffer of wetland
Spring mean Mg % impervious surface w/i 450 m buffer of wetland
Summer mean Mg % impervious surface w/i 500 m buffer of wetland
Spring Ca:Mg

Summer Ca:Mg
*May be impacted by surrounding land use (but are not themselves direct measurdausé)an

*Assessed two ways: 1) simple buffer of wetland boundary and 2) buffer constrained bydidesd flow
accumulation model of watershed.

Independent variables were the initial color change on the stake (estimated maximum water level),
completecolor change on the stake (estimated minimum water level), and the midpoint between
the two (estimated mean water level). Analyses were subset by the following covariates: color of
electrical tape used (light = yellow or white; dark = blue, red, greea)lgoel location (peatland
center v. lagg), measurement type (field or lab), and the period of time that the stake was in the
ground (summer, winter, or a full year). Gway ANCOVA was used to determine if the
relationship between the data logger wateelewand the surrogate water table measures varied
significantly with these covariates. These analyses were performed using base functions in R
version 4.1.3 (R Core Team, 2021) via R Studio (RStudio Team, 2022).

3.10.5 Pollen Analyses

For both the Evans €ek and Kings Lake peat cores a linear interpolation age model was used to
assign ages for each sample depth based on the year the core was taken (2019) and the depth at
which a modern age was returned from radiocarbon data (Evans-@&ekn and Kings ake-

65 cm). No other tie points could be determined based on charcoal abundance or changes in pollen.
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The sedimentation rate for the Evans Creek was determined to be 1.42 cm/yr while the Kings Lake
core sedimentation rate is 1.14 cm/yr

The ages for thelfidow Lake peat core were assigned using three different points, the year the
core was extracted (2019), a peak in charcoal abundance occurring at 64 cm that likely dates to
1930 (a fire burned the area around the lake), and the youngest radiocarbd@3lata)( Using

these two tie points, the age model provided two sedimentation rates. The sedimentation rate at
the base of the core (66 to 96 cm) is 0.24 cm/yr. The top third of the e66ecf@) has a higher
sedimentation rate of 1.67 cm/yr.

All pollen data are represented as a percentage of the total pollen sum of the arboreal (tree and
shrub taxa) and herbaceous taxa present.
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4.0 RESULTS

4.1 EcoLoGICAL CHARACTERISTICS OF PUGET LOWLAND PEATLANDS

4.1.1 Hydrological Patterns of Puget Lowland Peatlands

Depending on the site, hydrological monitorimgluded the periodrom approximately August

2018 through spring or summer of 2021 (Table 8). Water levels within peatland centers and
surrounding laggs had pronounced seasonal variability driven by precipi{&igure 6). The
annual maximum water level occurred in January and February in all sites, when
evapotranspiration was minimal during the cool winter rainy season. The amnuaumwater

level occurred in August and September at all sites, at the etite dummer dry period.
Hydroperiods were strongly synchronous between peatland centers and laggs, but water levels
relative to the ground surface were consistently higher in laggs, where flooded conditions prevailed
in all but the dry summer month§&igure 6, Figure 7). Water level fluctuations (WLF) were
greatest during Augusdctober, at the transition between dry and wet peribagire 8, Figure

9).

Peatland centers had mean water levels averaging 1.4 + 2.3 cm (mean = SE) during January, and
declined to their lowegioint in August when the average wé8.9 £+ 4.9 cm. Mean annual water

levels in reference peatland cerst averagedl5.5 £ 2.8 cm and did not differ those in developed
landscapes (p = 0.40), which averagt8l.3 £ 1.3 cm. Peatland center mean water levels also did

not differ between reference and developed sites over seasonal (p = 0.16) or monthlyesmescal
(p=0.19), although water table depths were often deeper in some reference peatland centers during
August and SeptembeWLF within peatland centers did not differ between reference and
developed landscapes on annual (p = 0.13) or seasonal timegcate®.$9), but monthly
differences were apparent (p = 0.067). Reference peatland centers had larger WLFs during
September and October (p < 0.0428an monthly water levels in developed area peatland centers
were more variable than those in reference adeasg OctobeJune, while reference peatland
center water levels demonstrated substantially larger variability during A8gpstmber, when

some reference sites were dry. Laggs typically had standing water from Nowimbemwith

mean monthly water déps of 9.0 to 26.6 cm. Similar to the peatland centers, lagg water levels
declined during the summer, falling to an average dept®605 + 7.3 cm during August, although

some laggs remained inundated throughout the. yje@an annual water levels were lewin
reference laggs than those in developed landscapes (p < 0.001), respectively av&ihagi2gt

cm and 12.3 + 2.4 cm, but these differences did not vary by season (p = 0.97) or month (p = 0.97).
WLF in laggs did not differ between reference andettgyed landscapes on annual (p = 0.63),
seasonal (p = 0.29), or monthly (p = 0.61) timescales.

Peatland center water tables were higher than lagg water levels at three of the four surveyed sites
in developed landscapeBigure 11). Water table elevations in peatland centers at Evans Creek
and Queens Bog exceeded those in their laggs throughout the monitoring period, averaging 7.3 £
0.01 cmand 8.2 £ 0.01 cm higher than laggs receiving stormwater inflow (p < 0.001). The peatland
certer water table at Echo Falls was also higher than in the lagg for 88.4% of the monitoring period,
averaging 14.4 £ 0.02 cm higher (p < 0.001), but data from the stormwater inflow segment
suggested that these inflows drove water table fluctuations atrossté. Water levels in the
stormwater inflow segment exceeded those in the peatland during 92.0% of the record and
averaged 37.1 = 0.01 cm higher (p < 0.001), and they were always higher than in the reference
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lagg. However, data were limited from therstavater inflow monitoring well due to repeated
damage from a resident bear. Peatland center water levels at Springer Lake were lower than in the
lagg €2.4 + 0.01 cm; p < 0.001) and these tightly coupled water levels appeared to be driven by
variation in he Springer Lake water level.

Table 8. Hydrologic records from 17 Puget LowlandSphagnumdominated peatlands

Site Well Position Record Period Days in Record
AH-1 Peatland 991

Arrowhead AH-D Lagg 8/06/18- 4/27/21 993
. Ccs81 Peatland " 1201
Covingbn 8 Cso Lagg 5/11/18i 8/31/21 1202
Cl122 Peatland 1201

Covington 12 Clz21 Lagg 5/11/18i 8/31/21 1185
Ci123 Peatl and AE 1196

CM2-2 Peatland " 997

Cranberry Marsh #2 CM2-1 Lagg 7/130/18i 4/27/21 971
CM4-1 Peatland " 784

Cranberry Marsh4 CMa-2 Lagg 8/12/18i 4/27/21 980
EC-1 Peatland " 1146

Evans Creek EC2 Stormwater inflow 5/12/18i 7/08/21 1148
ECH-1 Peatland 1044

Echo Falls ECH-2 Lagg 8/03/18i 7/08/21 1049
ECH-3 Stormwater inflow 385

HO-2 Peatland " 1147

Hooven O Lagg 5/13/18i 7/07/21 1149
KL-2 Peatland 1166

Kings Lake KL-1 Lagg 5/12/18i 7/27/21 1164
KL-3 Natural inflow 1169

LC-2 Peatland 2 1220

Lower Cedar River | LC-1 Lagg 5/11/18i 9/16/21 1220
LC-3 Peatland 1 (high point) 1222

LD-2 Peatland 1216

Lake Dorothy LD-1 Lagg 5/08/18i 9/07/21 832
LD-3 Stormwater inflow 1215

PA-1 Peatland " 1171

Patterson PAD Lagg 5/09/18i 8/08/21 1006
Q-2 Peatland 1211

Queens Q-3 Lagg 5/13/18i 9/07/21 1210
Q-1 Stormwater inflow 1209

SL-2 Peatland " 1216

Shadow Lake S Lagg 5/11/18i 9/17/21 1220
. SPL-1 Peatland . 985
Springer Lake SPL2 Lagg 8/01/18i 4/20/21 991
TR-1 Peatland 1036

Trossachs TR-3 Stormwater inflow 5/07/18i 9/07/21 1208
TR-2 Peatl and nE 1035

W14-1 Peatland " 1219

Wetland 14 W42 Stormwater mnilow 5/11/18i 9/16/21 1221
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Hydraulic gradients in peatland centers were highly variable and did not consistently indicate
lateral flow from peatland centers toward the laggs. Of the eight sites surveyed for elevation, lateral
hydraulic gradients between plaaid centers and laggs reflected slightly raised water tables at five

of the surveyed sites, including two odtfour reference sited={gure 10, Figure11). Nine sites

could not be surveyed due to densgetation cover, and available lidar point clouds were not
dense enough to provide reliable elevations at the well locations. The water table in the peatland
center was higher than in the lagg during 95.4% of the study period at Cranberry Marsh 2,
averagng 4.6 = 0.01 cm higher (p < 0.001). Similarly, the peatland center water table at Kings
Lake exceeded that in the lagg during 99.1% of the monitoring period, averaging 10.4 + 0.01 cm
higher (p < 0.001). Water table levels during the rainy season weegkainly stable at Kings

Lake, where the outflow appeared to control peatland center water levels. In contrast, lagg water
levels equaled or exceeded those in the peatland centers at two reference sites (Arrowhead and
Cranberry Marsh 4) during 100% and 92.2f the monitoring period, suggesting that lateral
inputs of surface water or groundwater from the lagg to the peatland center may be occurring in
these wetlands.

Piezometer data collected during spring and late summer indicated considerable variation in
vertical hydraulic gradients (VHGs) between sites, but means were similar across season, wetland
position, and land uséigure12). Mean VHGs in the upper portions of peat bodiesi80 cm

depth) were generally more variableriithose for the entire profile (to 200 cm depth) due to very
small VHGs at greater depths. Peatland VHGs between 50 and 100 cm depth aaxgeffged

0.03 cm/cm and did not vary between seasons (p = 0.73) or differ between reference and developed
sites (p> 0.46). Lagg mean VHG at this depth was simHdargs + 0.04 cm/cm; p > 0.53) and did

not vary with season (p = 0.48) or differ between reference and developed sites (p > 0.33). Similar
patterns were apparent for VHGs over the full profiles, avera@ifg + 0.02 cm/cm in peatland
centers and0.03 + 0.04 cm/cm in laggs, although laggs in developed landscapes were the most
variable.

Although the sample means indicated slight downward gradients within peatland centers, complex
seasonal variation was apeat across sites (Table 9). Peatland centers at Arrowhead, Cranberry
Marsh 4, Patterson, and Queens Bog showed strong downward gradighii)(cm/cm) during

spring and late summer. Evans Creek and Shadow Lake had negligible VHGs during spring,
indicating that stable water levels or lateral flow prevailed during the rainy season, but downward
drainage occurred during the dry late summer period. Shallow VHGs were also near zero at
Covington 12 and Wetland 14 during spring, but strong positive gradieftd@ cm/cm) during

late summer suggested that upward groundwater flow occurred between 50 and 100 cm depth at
these sites. Springer Lake and Echo Falls had seasonal reversals in vertical flow direction, with
upward flow during spring at the former and dovand flow during summer at the latter. Vertical
gradients between 50 and 100 cm depth were very small during both seasons at the remaining
seven sites (Covington 8, Cranberry Marsh 2, Hooven, Kings Lake, Lake Dorothy, Lower Cedar,
and Trossachs), suggesfithat saturated flow was negligible or predominantly horizontal. Few
sitelevel seasonal means were significantly different from zero due to large variability within
small sample sizes.
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Table 9. Mean spring and summer vertical hydraulic gradiens over 50100 cm depth in

peatland centers P-value is from ttests that means differ from zero. Grey cells: p < 0.10, bold text: p < 0.05.
*n/a= small sample size or invariant values precludisst

Site Spring MeanzSE | p Summer MeanzSE | p Vertical Flow Direction
Arrowhead -0.37+£0.06 0.10 | Dry n/a Downward
Covington 12 +0.06+0.05 0.44 | +0.12+0.02 0.08 | Upward
Covington 8 +0.04+0.00 NA* | +0.01+0.00 n/a* | Negligible
Cranberry Marsh 2| +0.07+0.02 0.14 | +0.02+0.00 n/a* | Negligible
Cranberry Marsh 4| -0.12+0.01 0.05 | Dry n/a Downward
Echo Falls +0.22+0.16 0.40 | -0.10+0.08 0.32 | Upward
Evans Creek -0.01+0.04 0.91 | -0.25+0.17 0.24 | Downward
Hooven Bog -0.07+£0.05 0.39 | -0.02+0.00 0.01 | Negligible
Kings Lake -0.05+£0.01 0.13 | +0.01+0.03 0.67 | Negligible
Lake Dorothy +0.01+000 n/a* | +0.01+0.01 0.51 | Negligible
Lower Cedar +0.03+0.01 0.16 | -0.02+0.01 0.18 | Negligible
Patterson -0.33+0.15 0.27 | -0.65+0.13 0.01 | Downward
Queens Bog -0.12+0.00 0.03 | -0.14+0.01 0.001 | Downward
Shadow Lake 0.00+0.01 1.0 -0.14+0.01 0.05 | Downward
Springer Lake -0.10+0.03 0.19 | +0.11+0.04 0.14 | Upward
Trossachs 0.05+0.05 0.50 | -0.04+0.04 0.46 | Negligible
Wetland 14 -0.01+0.02 0.80 | +0.18+0.03 0.01 | Upward
50-100 cm | | 50-200 cm
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Figure 12. Mean seasonal vertical hydraulic gradients over 5000 cm depthand the entire

profile (to 200 cm depth) inpeatland centersand laggs.Positive values reflect upward gradients,
while negative values indicate downward gradients. See symbol descripEaune6
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4.1.2 Water Chemistry of Puget Lowland Peatlands

Porewater chemistry differed significantly between peatland centers and laggs, and many
parameters showed pronounced seasonal variability. Mean pH in peatland centers was 4.22 + 0.04

in spring, with a small but signif@t increase (p = 0.008) to 4.43 £ 0.04 by late sumRiguie

13). Mean peatland center pH did not differ between reference and developed sites in either season

(p > 0.94). Porewater pH was significantly higher in laggs duringgpnd summer (p < 0.001),
averaging 5.36 £ 0.11, but did not vary between seasons (p = 0.77). Reference lagg pH was lower
than in developed sites during spring (5.02 + 0.30 versus 5.66 + 0.18; p = 0.064), but the means
were similar during summer (p =1). Mean EGor Was lower in peatland centers than laggs (p <

0.01) and was lower in spring than late summer in both settings (p < Bi§0dz14). Mean EGorr

in peatland centers was 27.8 N 2.7 e€S/cm dur i
Inlaggs, meanEGrwas 69.6 N 14.0 e©€S/cm during spring a
Mean EGor during spring was lower in reference sites thanemetbped landscapes for both
peatl and centers (16.6 N 2.8 versus 31.6 N 2.
N 18.2 €S/cm; p = 0.02), but differences were
>0.12).

Porewater concentratis of major anions were lower in peatland centers than laggs and were
generally higher during late summer in both wetland positiigsi{e15). Mean Ciconcentration

in peatland centers was 1.30 £ 0.13 mg/L during spring &4d#20.26 mg/L during summer (p =
0.003). Seasonal mean €bncentrations in peatland centers did not differ between reference and
developed sites (p > 0.12). Mean &@ncentration in laggs was 3.85 + 0.53 mg/L, and although
this did not vary seasonallg = 0.77), it exceeded concentrations in peatland centers during spring
(p = 0.002) and summer (p = 0.06). Mean laggcGhcentration in developed landscapes was 3.8
and 4.5 mg/L higher than in reference sites during spring and summer (p < 0.004). Mé&an S
concentrations were also lower in peatland centers (p < 0.002), averaging 0.03 + 0.00 mg/L during
spring and 0.14 + 0.30 mg/L during summer. Mean?Séncentrations in laggs were lower in
spring, 0.44 + 0.12 mg/L, than summer 1.62 + 0.44 mg/L (@0%)0During spring, mean SO
concentrations were lower in reference sites for both peatland centers (0.01 + 0.00 versus 0.03
0.01 mg/L; p =0.03) and laggs (0.11 £ 0.07 versus 0.61 + 0.16 mg/L; p = 0.04), but reference sites
were not distinguishabledm developed sites in either setting during summer (p > 0.40).

Major cation concentrations did not vary seasonally in peatland centers (p > 0.25) and were
generally lower than in laggs. €aMg,?* and Nd concentrations were higher (p < 0.008) during

the growing season in lagg&igure 15). Mean C&" concentration was 1.08 + 0.21 mg/L in
peatland centers and did not differ between reference or developed sites (p > 0.25). Porévater Ca
concentrations were higher in laggs relatie peatland centers during both seasons (p < 0.05),
increasing from 2.42 + 0.45 mg/L in spring to 6.50 * 1.13 mg/L in late summer. Méaw&a

lower in reference laggs than laggs in developed landscapes during spring (0.79 £ 0.16 versus 3.31
+ 0.55 mgL; p =0.004), but differences were not significant during late summer (p = 0.50). Similar
patterns were evident for Mgand N& concentrations, which averaged 0.52 + 0.15 and 1.74 +
0.16 mg/L in peatland centers and did not differ between referenceaaldped sites (p > 0.21).
Mean lagg porewater Mgconcentration was 1.02 + 0.20 mg/L in spring and 2.83 + 0.60 mg/L in
summer, while Naconcentration was 2.56 + 0.43 mg/L in spring and 4.82 + 0.68 mg/L in summer.
Lagg Mg+ and Nd concentrations were giier in developed landscapes during spring (p < 0.01)
but not summer. In contrast to the other cations, porewateocentrations did not vary
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Figure 13. Mean seasonal pH of porewater ipeatland centersand laggs.
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Figure 15. Mean seasonal ion concentrations in porewater gfeatland centersand laggs.
See Figure 2 forlpt descriptions.

seasonally in either wetland position (p > 0.11) but were higher in laggs than in peatland centers
during late summer (1.51 + 0.22 versus 2.58 + 0.44 mg/L; p = 0.04). PorewatesKower in
reference peatland centers (0.64 + 0.30ues82 + 0.19 mg/L; p = 0.01) and laggs (0.58 + 0.25
versus 2.32 + 0.30 mg/L; p = 0.001) than in developed sites during spring.

Major nutrient concentrations were generally low and did not differ between peatland centers and
laggs in either season (p 38; Figurel5). Porewater N@ concentrations averaged less than 0.35
mg/L and did not differ between reference and developed sites (p > 0.34). Megn NH
concentrations increased over the growing season in both wetland pogitto@€01) from 0.29

+ 0.06 to 1.49 £ 0.18 mg/L in peatland centers, and from 0.48 £ 0.11 mg/L to 1.80 £ 0.36 mg/L in
laggs. Porewater NHi did not vary between reference and developed sites (p > 0.20), except in
laggs during late summer (p = 0.01). Mea@uPwas also lower during spring than late summer

in both peatland centers (0.04 = 0.01 versus 0.29 + 0.08 mg/L; p = 0.003) and laggs (0.04 + 0.02
versus 0.58 + 0.31 mg/L; p = 0.09). MeansP@as slightly lower in reference peatland centers
than in devidped sites (0.01 £ 0.01 versus 0.11 + 0.03 mg/L; p = 0.09).
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Molar Ca:Mg for porewater samples containing quantifiabléMgncentrations (n = 63) were
generally greater than 1.0 in peatland centers and |&gge€16). Peatlad Ca:Mg was lower in

spring than summer (p = 0.03), increasing from 1.19 = 0.09 to 2.03 + 0.29. While Ca:Mg did not
vary with nearby land use during spring in peatland centers (p = 0.67), it was lower in reference

sites during summer (1.05 + 0.35 versu&32t 0.32; p = 0.06). Mean Ca:Mg was less than 1.0 in
four peatland centers during spring (Arrowhead, Kings Lake, Patterson, and Shadow Lake), and
in three during late summer (Arrowhead, Cranberry Marsh 4, and Evans Creek). Lagg porewater
Ca:Mg did not vay seasonally (p = 0.69) or with nearby land use (p > 0.74), averaging 1.59 *

0.11.
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Figure 16. Mean seasonal molar ratios of calcium and magnesium in porewater péatland
centersand laggs.

4.1.3 Vegetation of Puget Lowland Peatlands

4.1.3.1 Vegetation Composition

It
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Appendix P.
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Synoptic tables summarizing vegetation composition across the study sites are found in Appendix
mportant

impacts from loggig in the surrounding landscape. Stand tables for individual study sites are in

A

Species richness across all sites and all wetland positions totaled 116 taxonomic entities, five of

feat hennmeseses fioihreodwn dnc
lichens). Across all sites, species richness in laggs (103) was much higher than richness in peatland

which were taxa group$Sphagnunmo s s e s ,
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centers (34;-statistic=-1 . 7; p = 0.06; Table 10), however tl
scale (Table 11; Apendix P). Seventgight species were limited to laggs while nine were
restricted to peatland centers (Table 10). Species richness across lagg plots was much higher in
developed sites, but did not show a significant difference between mean plot richdeasdoped

(16) vs reference (23) peatland centestdtistic =0.8; p=0.2) (Table 10). There was a significant
difference (tstatistic =-2.1; p=0.05) between mean plot richness in developed (12) vs reference

(17) peatland centers. Total site richne=sded to decrease with increasing impervious surface

area Figurel?). Further statistical analyses of vegetation compositional changes due to watershed

and land use characteristics are presented in Section 4.3.8 Vegetation.

Spedes growth forms showed variation between peatland centers and laggs (Table 12; Table 13).
Forbs and graminoids were proportionally higher in laggs while moss, dwarf shrubs, and trees
were proportionally higher in peatland centers. Within peatland certewsf shrubs were
proportionally higher in reference sites, forbs more representative of reference sites, and shrubs
and trees were proportionally higher in developed sites. Within laggs, dwarf shrubs were
proportionally higher in reference sites, forlosl graminoids were higher in developed sites, and
shrubs were higher in reference sites. Feather mdSphagnunspecies, and evergreen shrubs
showed much higher abundance (i.e., cover) in peatland centers compared to laggs while
graminoids, deciduous slrs, and trees were more abundant in laggs (Table 13). Within peatland
centers, feathermoss and deciduous shrub cover increased with a concurrent decrease in cover of
Sphagnunand lichen cover in developed peatland centers. Graminoid cover in develoged lag
was dramatically less than in reference laggs while tree cover was slightly higher in developed

laggs.

Table 10. Plant Richness Across Site Types and Wetland Position

All Study Sites(n=17) Reference Sitegn=5) Developed Sitegn=12)
Wetland Position Total Unique To Total Unique To Total Unique To
Richness Zone Richness Zone Richness Zone
Peatland Center 34 9 29 7 27 8
Lagg 103 78 51 29 86 67

Tree Species

Within peatland centers, most tree species cover was documentadthéishrub layer (0.5to 5

m height), with western hemlock being the most common species. Western hemlock was also the
predominant regenerating tree species, as it was by far the most common tree species present in
the herbaceous layer at 60% of the siWgstern hemlock, western redcedar, and western white
pine were represented in thé 20 m layer, but all had very low cover. Trees taller thaml@ere

only documented in the developeeiatland center study sites and included western hemlock, shore
pine and western white pine.

Tree cover in the |l aggs showed a distinct dif"
landscapes. Overall, tree presence in all layers did not have high constancy in developed laggs,
tree cover was generally low, atrxde composition was more commonly comprised of deciduous

trees (i.e. Alnus rubraand Fraxinus latifolig) than conifers. Western hemlock and western red

cedar were the dominant trees (presence and abundance) in reference laggs across all structural
layers.
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Table 11 Plant Richness at Study Sites

35% 40%

Study Site Lagg Peatland Center Site Richness
Covington 12 8 18 26
Covington 8 32 13 45
Echo Falls 25 10 35
Evans Creek 4 7 11
3 | Hooven 20 17 37
B Lower Cedar 18 17 35
% Patterson 5 6 11
e Queens Bog 8 10 18
Shadow Lake 17 13 30
Springer Lake 21 16 37
Trossachs Bog 8 12 20
Wetland 14 20 10 30
° Arrowhead 23 14 37
% Cranberry Marsh 2 12 21 33
& | Cranberry Marsh 4 8 14 22
@ Kings Lake 32 13 45
Lake Dorothy 38 23 61
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Table 12. Growth Form Proportions in Study Sites

Peatland Centers Laggs
Growth Form
Developed Reference Developed Reference

Dwarf shruls 4% 10% 1% 6%
Ferrs 4% 7% 7% 8%

Forbs 15% 20% 38% 33%
Graminoics 11% 10% 20% 10%
Mosses 15% 13% 6% 4%
Shruls 33% 27% 21% 33%

Trees 19% 13% 6% 6%

Table 13. Growth Form Abundance in Study SiteSaveragepercem ocular coveper sitg

Peatland Centers Laggs
Growth Form
Developed Reference Developed Reference
Dwarf shruls 2% 3% 1% 1%
Ferrs 1% 1% 1% 2%
Forbs <1% 5% 3% 2%
Graminoids <1% 1% <1% 37%
Lichen 5% 13% <1% 8%
Feather mosse 33% 15% <1% 23%
Sphagrimspp. 27% 48% 4% 2%
Evergreen shrub 42% 42% 2% 9%
Deciduous krubs 7% 1% 23% 24%
Trees 3% 2% 11% 6%

Shrub Species

Labrador tea and bog laurel were present in peatland centers of all study sites and had similar cover
values in both developed and eefnced study sites (Appendix P). Pacific crabapple and bog
bilberry (Vaccinium uliginosuinwere only documented in reference peatland centers. Salal was
present in the herbaceous layer in both developed and reference peatland centers, and most
abundant irthe latter. Salal only occurred in the shrub layer in developed peatland centers.

Shrub richness was higher in laggs than peatland centers. Western ha8thasa(douglas)i
Pacific crabappl e Salixscoderighgwene presend andbundahtlindoboth (
developed and reference laggs. Labrador tea was present in 80% of reference laggs, but had low
average cover (2%). Average Labrador tea cover was similar in developed laggs, but with lower
constancy (33%).
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Herbaceous Species

The herbaeous layers of peatland centers and laggs were typically sparse and included tree
seedlings, shrub seedlings and diminutive shrubs, and scattered herbaceous species. Overall,
herbaceous species had higher constancy in reference peatland centers. Dleiamastifact of

3 of the 5 reference sites occurring in western Mason County. That area receives the highest rainfall
within our study, with vegetation that compositionally and structurally resembles the more
herbaceousich coastal Sphagnurdominated patlands. Beaked sedgeCdrex utriculatd,

bracken fern Rteridium aquilinun), skunkcabbage L(ysichiton americanuin arctic starflower
(Lysimachia europaéda roundleaf sundewD{fosera rotundifolig, cottongrass Eriophorum
chamissonis western bunchberiCornus unalaschkengjsand deer fernStruthiopteris spicant

all had higher constancy in reference peatland centers. Slough S=idg& Obnuptawas only
documented in reference laggs, where it occurred in 60% of sites, with an average of 72% cover.

Lady fern @Athyrium filixfemina ssp. cyclosorun), yellow pond lily (Nuphar polysepalg
climbing nightshade Jolanum dulcamaja and grey sedgeCarex canescefsall had higher
constancy in developed laggs. Fesix herbaceous species were documentel@vweloped laggs,
but absent in reference laggs.

Nonvascular Species

Sphagnunspp. were present in all peatland centers, but had nearly twice as much cover in
reference peatland centers compared to developed peatland centers (48% to 26%, respectively).
Feaher mosses (e.gPleurozium schreberHylocomium splendehsiad high constancy in both
developed (92%) and reference (80%) peatland centers but had much higher cover in developed
peatlands (42% vs. 19%). Lichens were present in all the reference geagitdaars but only in

42% of the developed peatland centers. Lichen cover was similar across sites (13%) they were
found within. AlthoughSphagnunspp. were generally not identified to species, observations
suggestSphagnum capillifoliumsS. rubellum and S. fuscumare the predominarSphagnum
species in the reference peatland centers.

Feather mosses had higher constancy and cover in reference laggs compared to developed laggs.
Peat mosses had much lower constancy and cover in all lagg types comparédnd peaters.
Ground cover lichens were not present in any of the laggs.

Ground cover

Bare ground had similar constancy in developed and reference peatland centers, but higher cover
in developed sites (11% vs 0.1%). No bare ground was documented encefésggs, but was
present in 25% of the developed laggs. Relatedly, open water was only documented in developed
laggs and occurred in 42% of the developed sites. Litter had higher constancy in developed laggs
(33% vs 20%), but higher cover (38% to 9%})eference laggs.

Nonparametric Multivariate Analysis of Variance (PERMANOVA; Anderson, 2001, 2017) was
used to explore correlations between ecological variables and vascular and nonvascular
composition between sites in reference and developed landsdagi®e 14). Natural factors
independent of adjacent land use had relatively weak correlation to vegetation composition (full
results in Appendix J). Positive PERMANOVA coefficients indicate a positive relationship with
the factor, and vice versa. Note tBpecies level responses were primarily analyzed with Indicator
Species Analysis and NMS ordination axis correlations (see below).
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Mean annual precipitation and/or summer precipitation are the primary variables affecting
compositional differences acrossash in peatland centers and laggs (Table 14). Mean annual

precipitation ranged from 113 cm (Hooven Bog) to 229 cm (Arrowhead Bog), while summer
precipitation ranged from 19 cm (Springer Lake) to 40 cm (Kings Lake). Notably, the five bogs
that received thenost precipitation also served as reference sites in our study.

4.1.3.2 U.S. National Vegetation Classification Types

U.S. National Vegetation Classification (USNVC) plant associatlutpg://www.usnvc.org

Roccho et al. 2022) and subgroup (Rocchio and Ra@wanbergln progres$ units were
classified for each reference study sitatfle 15. The peatland centers represented six different
USNVC plant associations within three subgroups and two USNVC groups.sihegeups span

the full range of bog communities currently classified within the Puget Lowlands: North Pacific
Transitional Bog, North Pacific Open Flat Bog, and North Pacific Bog Woodland. Study sites do
not include other acidic peatlands such as poa ¢ertransitional poor fens which are also found

in the Puget Lowlands. Of the six plant associations, two are considered State Endangered, three
are State Threatened, and one is State Sensitive (Table 15, DNR 2022).

Lagg vegetation varied between eighffetent USNVC associations within five subgroups and

five groups. A common lagg type was tialus fuscaShrub Swamp association (Table 15). Of

the eight associations documented in the laggs, one is considered State Endangered, two are State
Threatened, tov are on State Review lists, and three are of No Concern (TadDNR 2022).

Table 14. Vegetation Composition and Abiotic and Land Use Variables* p < 0.01, **p <
0.05, * p < 0.10.

Factor r2 p-value
Peatland centercomposition varies by...
Mean annual precipitation 0.13| 0.08| *
Lagg composition varies byé
Mean annual precipitation 0.11| 0.06| *
May-Sept precipitation 0.14| 0.01| **
Whether or not the bog borders a lake 0.11| 0.07| *
Proportion of nonvascular physiognomiogroups in thepeatland centervaries by...
Mean annual precipitation 0.23] 0.01| **
Peatlandcenterher b composi ti on varies byé
Mean annual precipitation 0.11]| 0.03| **
Whether or not the bog borders a lake 0.12| 0.05| **
Lagg herb composition variedb y é
Mean annual precipitation 0.18| 0.01 | ***
Watershedrea 0.10| 0.08| *

Peatland centers hr ub composi tion varies byé

No significant natural factors - -

Lagg shrub composition varies byé
May-Sept precipitation 0.13] 0.02| **
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Table 15. U.S. National Vegetation Classification Types of Study SiteSSNVC sibgroups are a custom unit developed by WNHP
(https://www.dnr.wa.gov/NHPwetlanfsState Conservation Status argdid in the 2022 State of Washington Natural Heritage Plan

(https://www.dnr.wa.gov/NHPconservatjon
State
. Wetland . . Conservation
Study Site - USNVC Group USNVC Subgroup USNVC Association
Position Status
(Association
Arrowhead Peatland North Pacific Maritime Wooded Bog North Pacific Bog Pinus monticold Ledumgroenlandicunt Endanaered
Bog and Poor Fen Woodland Sphagnunspp. Treed Bog 9
Lagg Vancouverian Wet Shrubland Vancouverian Lagg Malus fuscaShrub Swamp Threatened
Shrub Swamp
North Pacific Maritime Wooded Bog North Pacific Bog Pinus contortavar. contorta/ Ledum
and Poor Fen Woodland groenlandicum/ Sphagnunspp. Treed Bog Threatened
Peatland and and and and
North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandicumKalmia Sensitive
Covington 12 Fen \Ij[:;;%%erian — microphylla/ Sphagnunspp. Shrub Bog
Lagg Vancouverian Wet Shrubland 99 Spiraea douglasiWet Shrubland No Concern
Shrub Swamp
North Pacific Open Bog and Acidic l;llzrttgg’auflc Open Ledum groenlandicumKalmia Sensitive
Fen 9 microphylla/ Sphagnunspp. Shrub Bog
Peatland transitioning toA A
fi E dog e transitioning toA 9 transitioning toA
Vancouverian Wet Shrubland Vancouverian Lagg Siraea douglasiWet Shrubland No Concern
Shrub Swamp
. . - Tsuga heterophylla(Thuja plicatg /
Peatland North Pacific Maritime Wooded Bog North Pacific Bog Ledum groenlandicurhSphagnunspp. Threatened
. and Poor Fen Woodland
Covington 8 Treed Bog
North-Central Pacific Maritime North Pacific Conifer TSUQ?‘ heterophyllaThu;a pllcatga/
Lagg . Vaccinium ovalifolium Gaultheria shallon| Threatened
Swamp Forest Basin Swamp L .
/ Lysichiton americanuSwamp Forest
North Pacific Opa Bog and Acidic | North Pacific Ledum groenlandicurhCarexutriculata/
Cranberry Peatland o Threatened
Marsh #2 Fen Tran5|t|ona_l Bog Sphagnunspp. Shrub Bog
Lagg Vancouverian Wet Shrubland Vancouverian Lagg Malus fuscaShrub Swamp Threatened
Shrub Swamp
Cranberry Peatlad North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandicumKalmia Sensitive
Marsh #4 Fen Flat Bog microphylla/ Sphagnunspp. Shrub Bog
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State

Study Site Wet[qnd USNVC Group USNVC Subgroup* USNVC Association Conservation
Position Status
(Association)
Lagg Vancouverian Wet Shrubland Vancouverian Lagg Malus fuscaShrub Swamp Threatened
Shrub Swamp
Peatland North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandicumKalmia Sensitive
Evans Creek Fen Flat Bog microphylla/ Sphagnunspp. Shrub Bog
Stormwater Vancouverian Wet Shrubland Vancouverian Lagg Spiraea douglasiWet Shrubland No Concern
Inflow Shrub Swamp
North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandicumKalmia .
Peatland : Sensitive
Echo Ealls Fen Flat Bog microphylla/ Sphagnunspp. Shrub Bog
Lagg Vancouverian Wet Shrubland Vancouverian Lagg MalusfuscaShrub Swamp Threatened
Shrub Swamp
Stormwater | North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandicumKalmia Sensitive
Inflow Fen Flat Bog microphylla/ Sphagnunspp. Shrub Bog
. - . Tsuga heterophylla(Thuja plicatg /
Peatland North Pacific Maritime Wooded Bog North Pacific Bog Ledum groenlandicurhSphagnunspp. Threatened
Hooven and Poor En Woodland
Treed Bog
Lagg Vancouverian Wet Shrubland Vancouverian Lagg Spiraea douglasiVet Shrubland No Concern
Shrub Swamp
. - . Tsuga heterophylla(Thujaplicata) /
_ Peatland North Pacific Maritime Wooded Bog North Pacific Bog Ledum groenlandicurhSphagnunspp. Threatened
Kings Lake and Poor Fen Woodland Treed Bo
Bog NAP . . o .. | Tsuga he?erophyllaThujaplicata/
North-Central Pacific Maritime North Pacific Conifer i el .
Lagg . Vacciniumovalifolium- Gaultheriashallon | Threatened
Swamp Forest BasinSwamp L .
/ LysichitonamericanusSwamp Forest
o . e Tsuga heterophylla(Thujaplicata) /
Peatland North Pacific Maritime Wooded Bog North Pacific Bog Ledum groenlandicurhSphagnunspp. Threatened
Lake Dorothy and Poor Fen Woodland Treed Bog
North Pacific Maritime Wooded Bog North Pacific Bog Tsuga heterophylla(Thujaplicata) /
Lagg and Poor Fen Woodland Sphagnunspp. Treed Bog Endangered
North Pacific Open Bog and Acidic | North Pacific Ledum groenlandicurhCarex utriculata/
Peatland o Threatened
Fen Transitional Bog Sphagnunspp. Shrub Bog
Lower Cedar | Peatlandl North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandiem- Kalmia Sensitive
(high point) | Fen Flat Bog microphylla/ Sphagnunspp. Shrub Bog
Vancouverian Freshwater Wet Vancouverian Lagg | Typha latifoliaPacific Coast Marsh
Lagg Meadow and Marsh Marsh No Concern

and
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State

Study Site Wet[qnd USNVC Group USNVC Subgroup* USNVC Association Conservation
Position Status
(Association)
and and
Nuphar polysepaldquatic Vegetation
Western North American Temperatq North Pacific
Freshwater Aquatic Vegetation Freshwater Aquatic
Vegetation
North Pacific Open | Ledum groenlandicumKalmia
Flat Bog microphylla/ Sphagnunspp. Shrub Bog | Sensitive
Peatland North Pacific Open Bog and Acidic and and and
Patterson Fen
North Pacific Ledum groenlandicurhCarex utriculata/ | Threatened
Transitional Bog Sphagnunspp. Shrub Bog
Lagg Vancouverian Wet Shrubland Vancouverian Lagg Spiraea douglasiVet Shrubland No Concern
Shrub Swamp
North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandicumKalmia .
Peatland Fen Flat Bog microphylla/ Sphagnunspp. Shrub Bog Sensitive
Queens Vancouverian Lagg
Lagg Vancouverian Wet Shrubland Spiraea douglasiWet Shrubland No Concern
Shrub Swamp
Stormwate Vancouverian Wet Shrubland Vancouverian Lagg Malus fusceShrub Swamp Threatened
Inflow Shrub Swamp
Tsuga heterophylla(Thuja plicatg /
Ledum groenlandian/ Sphagnunspp. Threatened
Treed Bog
Peatland North Pacific Maritime Wooded Bog North Pacific Bog and
Shadow Lake and Poor Fen Woodland and
Tsuga heterophylla(Thuja plicatg / Endangered
Sphagnunspp. Treed Bog
Lagg Vancouverian Wet Shrubland Vancouverian Lagg Cornus sericedacific Shrub Swamp Review 1
Shrub Swamp
Peathnd North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandicumKalmia Sensitive
Springer Fen Flat Bog microphylla/ Sphagnunspp. Shrub Bog
Lake . North Pacific . o .
Lagg Western North American Temperat Freshwater Aquatic Sparganium angustifoliurAquatic Review 2

Freshwater Aquatic Vegetation

Vegetdion

Vegetation
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State

Study Site \IéVet[qnd USNVC Group USNVC Subgroup* USNVC Association Conservation
osition Status
(Association)
Peatland North Pacific Open Bog and Acidic | North Pacific Open | Ledum groenlandicumKalmia Sensitive
Fen Flat Bog microphylla/ Sphagnunspp. Shrub Bog
Lagg .
(stormwater | Vanouverian Wet Shrubland Vancouverian Lagg Malus fusceShrub Swamp Threatened
inflow) Shrub Swamp
Trossachs North Pacific Open
North Pacific Open Bog and Acidic Flat Bog P Ledum groenlandicumKalmia Sensitive
Fen microphylla/ Sphagnunspp. Shrub Bog
Peatland transitioning toA A
"Edge" transitioning toA transitioning toA
Vancouverian Wet Shrubland \S/ﬁncouverlan Leg Spiraea douglasiWet Shrubland No Concern
rub Swamp
Tsuga heterophylla(Thuja plicatg /
Ledum groenlandicurhSphagnunspp. Threatened
Treed Bog
Peatland North Pacific Maritime Wooded Bog North Pacific Bog and
Wetland 14 and Poor Fen Woodlard and
Tsuga heterophylla(Thuja plicatg / Endangered
Sphagnunspp. Treed Bog
Stormwater Vancouverian Wet Shrubland Vancouverian Lagg Malus fusceShrub Swamp Threatened
Inflow Shrub Svamp
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4.2 INDICATORS OF OMBROTROPHIC CONDITIONS

4.2.1 Topography

The study peatland centers were 6 to 77 cm above adjacent laggs (as determined by lidar), except
Evans Creek, where there was no elevation difference.nfédgority of peatland centers (47%)

were less than 20 cm above their laggs (Arrowhead, Cranberry Marsh 2, Cranberry Marsh 4, Evans
Creek, Queens Bog, Springer Lake, Trossachs, and Wetland 14). Another 35% of study sites were
20-50 cm above their laggs (@ogton 12, Covington 8, Echo Falls, Lower Cedar, Lake Dorothy,

and Patterson). Three (18%) of the study sites had peatland centers > 50 cm above their laggs
(Hooven Bog, Kings Lake Bog NAP, and Shadow Lake).

4.2.2 Vegetation Indicators of Ombrotrophic Conditions

Vegetation of peatland centers was indicative of nutrient poor and acidic conditions in all of the
study sites. Ericaceous shrubs such as Labrador tea, bog laurel, small cranberry occurred over
nearly continuous lawns or hummocks $phagnumsp. n many sites, especially reference
peatland centers (Appendix I). For all other sites, vegetation was an inconclusive indicator and the
determination of ombrotrophic conditions was left to the hydrological and chemical indicators
discussed in the next semt.

4.2.3 Hydrological and Chemical Indicators of Ombrotrophic Conditions

Measures of vertical hydrological gradients (VHGS) were variable. Four sites exhibited upward
groundwater flow in shallow peat during at least one season (Covington 12, Ech&pratiger

Lake, and Wetland 14), which does not appear to be congruent with meteoric water sources.

All the study sites had pH valuéfable 16) below those reported for local precipitation (Table

17), and well below those reported for local groundwatabld 18). The majority of study sites

had spring (88%) and summer (71%) pH valbe®w the ombrotrophic pH threshold of < 4.5

used by Malmer et al. (1992) for coastal bogs near Prince Rupert, British Columbia and continental
bogs in Alberta. Using the Feascandian and British bog pH threshold of < 4.2 (Gorham 1957,
Sjors and Gunnarsson 2002, Tahvanainen 2004, Proctor et al. 2009, Joosten et al. 2017b), 64% of
the study sites were below the bar in spring and only 24% were below in summer. Two sites (Lower
Cedar and Shadow Lake) had pH > 4.5 for both seasons and four sites exceeded 4.2 in both seasons
(Kings Lake, Lower Cedar, Lake Dorothy, and Shadow Lake). Electric conductivity measures for
study sites (Table 16) were above local precipitation measurete (I8, but all were below those

in groundwater (Table 18). Five sites (Arrowhead, Cranberry Marsh 2, Kings Lake, Queens Bog,
and Springer Lake) also had Meanc&Cralues that met the Vitt et al. (1995) threshold of < 39
eS/ cm for bogs.

Porewater C4 concentrations were < 2.0 mg/L in 76% of the study sites (Table 16). Three sites
exceeded this value during the spring (Covington 8, Patterson Creek, and Wetland 14) and Shadow
Lake exceeded 2.0 mg/L in both seasons. MolaMgaxceeded 1.0 at 35% of the study sites in
spring months and 76% of study sites in summer months. Proctor et al. (2009) suggested that molar
Ca:Mg in ombrotrophic peatlands is generally less than 1.0, although this can vary by geographic
region, especlby in sites with oceanic influence (Sjors and Gunnarsson 2002).
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Table 16. Summary of physical and chemical evidence for ombrotrophic conditions ietudy sites All reported measures are from
peatland center$¥/HG = vertical hydralic gradient between 50 and 100 cm defgthaded cellfor VHG correspond to results that aret consistent with
ombrotrophic conditiongVHG with p < 0.10 P-valueis from ttests that means differ from zey&jVHG with p < 0.05 Shaded cells for pH #.5. Shaded

cells for EC >5& S /.Smaded cells for G&>2.0 mg/L. Shaded cells for Ca:Mg > 1Relief = difference between ground surface elevation at peatland well

and lagg well from bare eartidar. ‘Reference sitéNot calculated due to dry weflNot calculated due to Mg2+oncentrations below detection limits
Site VHG pH ECcorr ca*t CaMg Relief
(cm/cm) (eS/ cm) (mg/L) (mol/mol) (cm)
Spring Summer Spring Summer Spring Summer Spring Summer | Spring | Summer

AH? -0.37+£0.06* NC? 4.09+0.01 | 4.80£0.18 14.6£4.4) 38.2+1.2 0.34+0.® | 1.18+0.01| 0.88 0.34 6
C12 +0.06+0.05 +0.12+0.02* | 3.91+0.02 | 4.30+0.09| 42.0+28.6 48.5+15.9 0.54+0.17| 0.98+0.17| NCB 4.24 30
C8 +0.04+0.00 +0.01+0.00 4.15+0.02 | 4.42+0.03 13.7£2.5 49.1+15.7, 2.89+2.89| 1.08+0.09| 1.24 1.92 22
CM2t +0.07+0.02 +0.02+0.00 4.19+007 | 4.26+0.03| 27.3%11.8 34.2+4.4| 0.10+0.10| 0.90+0.36| NCB 1.18 6
CM4t -0.12+0.01* NC? 4.22+0.09 | 4.06+0.03 15.842.3] 49.5+21.1] 0.51+0.23| 0.60+0.02| 1.35 0.71 11
EC -0.01+0.04 -0.25+0.17 4.22+0.02 | 4.13+0.02 29.6+2.3] 44.8+4.9 0.48+0.09 | 0.83+0.08| 1.39 0.71 0
ECH +0.22+0.16 -0.10+0.08 4.17+0.11 | 4.24+0.02| 51.6+34.0 37.0+4.9] 0.09+0.09 | 0.93+0.13| NCB 4.31 30
HO -0.07+£0.05 -0.02+0.00** | 4.05+0.05| 4.12+0.04| 24.5+10.20 48.4+13.3 0.30+0.08| 0.44+0.08| NCB 1.66 53
KL? -0.05+£0.01 +0.01+0.03 4.29+0.01 | 4.52+0.06 13.1+0.6) 23.8:1.2| 0.30+0.30| 0.19+0.10| 0.61 NC8 71
LC -0.01+0.00 +0.04+0.07 4.62+0.40 | 5.02+0.06| 30.8+11.9 58.7#5.8| 0.11+0.11| 1.91+0.78| NCB 1.15 35
LD? +0.01+0.00 +0.01+0.01 4.36+0.01 | 4.54+0.15 12.1+2.5 39.6+17.4 0.58+0.35| 0.92+0.51| 1.68 1.96 22
PA -0.33+£0.15 -0.65+013** 4.10+£0.02 | 4.30+0.11| 40.4+£19.5 50.5£3.2| 7.57+£7.57 | 0.75+0.10| 0.86 NC 21
Q -0.12+0.01** -0.14+£0.01** | 4.06+0.06 | 4.27+0.03 24.3+0.5 29.1+1.2| 0.41+0.21| 0.40+0.06| NCB NC8 9
SL +0.00+0.00 -0.14+£0.01** | 4.57+0.05| 4.93+0.05 25.4+0.4 59.4+10.3 2.38+1.70 | 2.06+044 0.88 1.52 77
SPL -0.10+£0.03 +0.11+0.04 4.04+0.18 | 4.11+0.08 14.844.8) 35.6+6.6/ 1.00+0.73| 0.63+0.04 | 1.49 2.88 15
TR +0.05+0.05 -0.04+0.04 4.13+0.02 | 4.49+0.07| 49.3+30.1 54.7+#5.7| 0.32+0.07 | 1.18+0.31| NCB 2.23 18
W14 -0.01+0.02 +0.18+0.03** | 4.09+0.11| 4.39+Q07 39.6+29.1] 115+40.5 3.62+3.62 | 0.74+0.08| 1.36 3.61 15
Table 17. Precipitation Chemistry in the Puget Lowland Ecoregion*

. : Electric Conductivit Ca M Na K NH4* | NOz | SQOs* Cl

Site County | Elevation | pH (eS/c my) (mg/L) (mg?L) (mg/L) | (mg/L) | (mg/Ly | (mg/L) | (mgiL) | (mgiL)
La Grande Pierce | 617 m (2,024 ft.)] 5.15 5.28 0.03 0.02 0.18 0.02 0.05 0.26 0.30 0.31
Marblemount | Skagit 124 m (406 ft.) | 5.16 4.56 0.02 0.02 0.12 0.01 0.03 0.26 0.22 0.22

*Annual averages between 1984 to 2021 (Natiéalospheric Deposition Program; accessed October 21, B@P2;//nadp.slh.wisc.edu/magsta/ntrinteractivemap)
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Table 18. Groundwater Chemistry in the Puget Lowland Ecoregion

Electric

e Ca Mg Na K NO-3 SOZ Cl
Data Source | pH Co(”dsucé";'% (mg/L) | (mg/L) | (mg/L) | (mgiL) | (ma/L) | (mg/L) | (mgiL)
Vaccaro etal. 19098*| 7.3 | 180 130 | 59 | 65 | 18 | 01 | 50 | 47

Turney 1986**
Island County(n=23)[ 7.7| 950 480 | 310 | 49.0 | 7.7 | 043 | 350 | 86.0
King CO“”“’(”:ZZ?)/ 76| 165 160 | 62 | 62 | 18 | 01 | 50 | 23
Kitsap County(n=9) [ 7.5 | 165 150 | 63 | 59 | 15 | 041 | 10 | 33
Mason Countyn=5) | 7.7 | 113 110 | 58 | 51 | 06 | 004 | 26 | 18
Plerce gg‘gg‘;’ 74| 148 130 | 62 | 66 | 17 | 018 | 32 | 34
Sanuan T 76| es0 500 | 160 | 71.0 | 25 | 005 | 320 | 46.0
Skagit Countyn=7) | 6.8 347 23.0 19.0 18.0 3.2 0.51 11.0 26.0
Snohomish g]":‘;’;t 77| 215 210 | 86 | 61 | 20 | 012 | 10 | 23
Thurston ey 72| 125 96 | 57 | 54 | 17 | 037 | 22 | 32
Whatcom e es| 295 210 | 72 | 91 | 23 | 14 | 140 | 100

*Table 8 in Vaccaro et al. 1998; median values reported; number of samples per measure ranged from 1,117 to 1,905
**Table 1 in Turney 1986; median values reported;

4.3 EFFECTS OF WATERSHED AND LAND USE CHARACTERISTICS ON ECOLOGICAL
CHARACTERISTICS OF PUGET LOWLAND PEATLANDS

4.3.1 Water Levels

Measured watershed and land use characteristics were not strongly related to variation in mean
annual peatland center water levels (Tablg T@e best model for mean water levels explained
7.8% of variability based on watershed area, Land Use Index, and the presence of stormwater
inflow (Model 1 in Table B1 in Appendix B). All three covariates were positively related to mean
annual water levs, but standardized coefficients indicated that the effects of watershed area were
about 2.8 times that of Land Use Index (Table 19). The additional covariates in other candidate
models did not improve model fit (p = 0.44). The-tapked models for meamnual water levels

in laggs all contained nesignificant variables, and condition&lvalues indicated that much of

the variability in laggs was explained by s#gecific random effects (Model 1 in Table B2 in
Appendix B).

Mean monthly water levels ipeatland centers and laggs were related to interactions between
month and watershed characteristics. The best model for monthly water levels in peatland centers
explained 61.1 % of the variation based on month interactions with watershed area, mean annual
precipitation, and Land Use Index (Model 1 in Table B3 in Appendix B). Mean monthly water
levels increased with watershed area during Apetember, with the largest increases occurring

in August and September (Table 20). Monthly water levels decreadkdgmeater annual
precipitation during JanuafMarch and AugusBeptember, but water levels increased with annual
precipitation during Mayuly. During most months, the effects of mean annual precipitation were
stronger than those of watershed area. Tieets of increasing Land Use Index varied by month,

but these were generally much smaller than those of the other covariates.
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Mean monthly water levels in laggs were best explained by month interactions with watershed
area, mean annual precipitation, amgervious surface area within 50 m of the wetland perimeter
(Model 1 in Table B4 in Appendix B). Similar to peatland centers, mean monthly water levels in
laggs increased with watershed area during Apeitember, with the largest increases during
August(Table 21). Lagg water levels decreased with higher annual rainfall during J&prdry

but they increased with rainfall during JuDecember. However, precipitation effects were much
smaller than those of watershe@a during the summer dry season (Mkptember). Water levels
increased with buffer impervious surface afeat these effects were much smaller than those of
watershed area and annual precipitation. These fixed effects explained 35.8% of variability in
mean monthly war levels, while random site effects explained 41.2 % of variability.

The fraction of impervious surface area within 50 to 500 m of study wetland perimeters was not
related to mean annual water levels in peatland centers or laggs (Table B5 in AppehdtxiiBg

factor did explain variability in mean monthly water levels (Table B6 in Appendix B). Interactions
between month and impervious surface area were significant (p < 0.001) for all buffer distances
between 50 and 500 m in both peatland centersagyyd, explaining between 50.7 and 54.8 % of
variability in peatland centers and between 26.4 and 31.7 % in lggeatland centers, mean
water levels increased with impervious surface area during-Apgust within distances up to

300 m fromthe wetland perimeter, while impervious surface area within larger buffer distances
was associated with decreasing water levels during Septddelsembe. In laggs, mean water
levels inceased with higher impervious surface d@abuffer distances between 50 and 500 m.
Typical relationships between buffer impervious area and mean monthly water levels are
illustrated for August and Decembé&iigure18).

Table 19. Effects of watershed area, Land Use Index, and the presence of stormwater
management facilities on annual mean water levels eatland centers

Fixed Effects Estimate | Std. Error | p-value

Intercept -42.59 8.29| <0.001

Presence of Stormwater Facility 14.99 4.9 0.010

Land Use Index 7.83 2.72 0.013

Watershed Area 21.59 8.57 0.026
4.3.2 pH

Porewater pH in peatland centers and laggs was most strongly affected by the presence of
stormwater management facilities, which altered the effects of other watershadtetstics.

Mean pH in peatland centers was best explained by interactions between watershed area and the
presence of stormwater management facilities during both spring (Model 4 in Table C1 in
Appendix C) and late summer (Model 6 in Table C3 in AppejiXPorewater pH was lower in

larger watershegat sites with stormwater inflows (p = 0.03), but increased in larger watersheds

at sites lacking these inflows (p = 0.04) during sprin§%M.16) and late summer {R 0.30;
Figurel9). The larger absolute values of slope coefficients during late summer indicated that these
effects were strongest during the dry season. During both seasons, other models with lower AIC
scores contained nesignificant covariates that did not improveadel! fit (p > 0.71).
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Table 20. Effects of watershed area (AREA), mean annual precipitation (MAP), and Land Use Index (LUI) on mean monthly
water levels inpeatland centers

Month:AREA Month:MAP Month:LUI
Fixed Effects Estimate + SE| p-value Estimate + SE| p-value Estimate + SE| p-value Estimate + SE| p-value
January -7.0+6.8 0.32 46+11.1 0.69 -26.0 £ 14.5 0.095 7.1+3.0 0.031
February -0.8+1.5 0.59 41+24 0.10 -14.8+3.1| <0.001 1.6+0.6 0.008
March -3.4+15 0.022 41+24 0.095 -8.7+3.1 0.004 -0.1+0.6 0.86
April -41+15 0.005 77124 0.002 3.7+3.1 0.23 -3.3+0.6] <0.001
May -7.6+1.4| <0.001 11.0+ 2.3 <0.001 19.2+3.2| <0.001 -6.2+ 0.6/ <0.001
June -13.0+ 1.4/ <0.001 16.4+2.3] <0.001 26.0+3.2| <0.001 -7.1+0.6] <0.001
July 249+ 1.4/ <0.001 23.0+2.3] <0.001 23.6 +3.2| <0.001 -6.6 £ 0.6 <0.001
August -45.2+ 1.4/ <0.001 47.0+2.3| <0.001 -38.7+3.0, <0.001 0.3+0.6 0.67
September -47.0+1.5 <0.001 45.9+2.4| <0.001 -48.1+3.1| <0.001 3.2+ 06 <0.001
October -25.2+ 1.6/ <0.001 23.4+11.1 <0.001 38.0+3.1] <0.001 -5.9+0.6] <0.001
November -12.7+ 1.5 <0.001 16.8+ 2.4/ <0.001 60.5+3.1| <0.001 -8.9+0.6] <0.001
December -5.0+ 1.5 <0.001 12.6 £+ 2.4 <0.001 43.6 +3.1] <0.001 -7.5+0.6] <0.001

Table 21. Effects of watershed area (AREA), mean annual precipitation (MAP), an@mpervious surface areawithin a 50 m
buffer of the wetland perimeter (BUFF) on

mean monthly water levels in laggs.

Month:AREA Month:MAP Month: BUFF
Fixed Effects Estimate + SE| p-value Estimate + SE| p-value Estimate + SE| p-value Estimate + SE| p-value
January 50.4%22.0 0.04 -29.6+ 33.4 0.39 -66.6+ 37.2 0.10 0.3+7.3 0.97
February 27+2.4 0.25 -0.2+ 3.4 0.95 -9.7+4.0 0.02 -0.3+£08 0.69
March 1.1+23 0.65 2.0+ 34 0.56 -12.6+ 39 0.00L -1.7+£07 0.02
April -2.2+2.4 0.36 72+34 0.04 -10.8+ 4.0 001 -2.3+08 0.0
May -10.2+2.3| <0.001 15.4+ 3.3 <0.001 0.2+ 4.0 0.97 -2.7+£07 <0.001
June -19.2+2.3| <0.001 29.6+£3.2| <0.001 7.4+ 4.0 0.06 -3.7+ 0.7 <0.001
July -36.8+2.4| <0.001 56.1+ 3.2 <0.001 21.2+4.0| <0.001 -6.3+0.7 <0.001
August -63.9+2.3| <0.001 100.0+ 3.3 <0.001 29.0+ 39 <0.001 -10.5+ 0.7 <0.001
September -61.2+2.4| <0.001 80.8+ 3.4 <0.001 31.6+ 3.9 <0.001 -8.9+ 08 <0.001
October -48.5+2.3| <0.001 40.6+3.4| <0.001 54.3+ 39 <0.001 -1.5+07 0.04
November -31.1+2.3| <0.001 29.0+ 3.4 <0.001 46.3+ 39 <0.001 -1.5+08 0.05
December -16.9+2.3| <0.001 17.5+ 3.4 <0.001 24.2+ 39 <0.001 -03+ 0.7 0.71
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Figure 18. Effects of impervious area within buffer distances of the wetland perimeter on

daily mean water levels in peatland centers and laggs during August and Decembeuffer
distances are shown in the row |Ebe

Springtime lagg pH was best explained by the interaction between Land Use Index and the
presence of stormwater management facilities (Model 3 in Table C2 in Appendix C). In sites with
stormwater inflows, lagg pH was higher in sites with higher Land ldgex (p = 0.09) but
decreased with higher Land Use Index (i.e. more natural) in all other sites (p = 0.10), and these
factors explained 22.1 % of variabilitfFiQure 20). Other candidate models consisted of-non
significant varables or contained additional covariates that did not increase explanatory power (p
= 0.16). Late summer pH in laggs was not strongly related to the measured predictors. The best
model included interactions between the presence of natural surface infbat®anwater inflow
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(Model 2 in Table C4 in Appendix C). This interaction had weak effects (p = 0.64) and comparison
of leastsquares mans suggested that stormwater inflows decreased summertime lagg pH by 0.94
+ 0.53 when natural surface water inflows were present (p = 0.10), but stormwater inflows had no

effect in isolated wetlands (p = 0.34). Additional covariates did not enhanogthaaory power

of this relationship (> 0.11). Porewater pH in both peatland centers and laggs was not strongly

related to impervious surface area within distaimé&90 m of the wetland perimeter during spring
(in Table C5 in Appendix C) or late summ@&able C6 in Appendix C).

4.3.3 Corrected Conductivity

Inflows from stormwater management facilities affectedok(D both peatland centers and laggs

during spring. The presence of stormwater inflow provided the best explanation of peatland center

porewater EGorr (Model 1 in Table D1 in Appendix D), and additional covariates did not yield

better models (p 0.29). Mean E¢earrin peatland centers receiving stormwater inputs was 34.5 +
Sites @wveas laeste d
explained by interactions between Land Use Index and stormwater management facilities (Model

4. 3 &S/ cm, whil e the

ot her

2 in TableD2 in Appendix D), while additional covariates in other-tapked models did not
improve explanatory power (p = 0.11). MeanckQlecreased with higher Land Use Index (i.e.,
fewer humarnnduced stressors) in laggs without stormwater inflows (p = 0.002)f increased

with Land Use Index where stormwater inputs occurred (p = 0.03), although with considerable

variability (Figure21; R? = 0.345).

During late summer, Land Use Index and other watershed factors influenegdrEgeatland
centers and laggs. The best model for peatland centers included the effects of Land Use Index and

impervious surface area within the watershed and within a 50 m buffer (Model 3 in Table D3 in

Appendix D); additional covariates in other tgmkedmodels did not improve goodness of fit (p
= 0.11). Corrected conductivitiecreasewith increasing Land Use Index and impervious surface

area within the watershed, although it was negatively related to impervious surface area within a

50 m buffer (Tabl@2; R = 0.20). In laggs, Land Use Index was the best predictor gfBGodel

1 in Table D4 in Appendix D) and additional covariates did not improve model fit (p = 0.18).

Corrected conductivitgdecreasewith higher Land Use Index (p = 0.031), and #plained 15.9

% of the variability Figure22).

Table 22. Effects ofimpervious surface areawithin the watershed and a 50 m buffer of the
wetland perimeter, and Land Use Index on porewater E&:r in peatland centers during

late summer.
Fixed Effects Estimate | Std. Error | p-value
Intercept 69.73 19.37 0.01
Impervious surface area within Watershed -11.53 5.68 0.08
Impervious surface area within 50 m Buffer 9.19 4.84 0.09
Land Use Index -10.98 5.09 0.06
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The proportion of impervious surface area surrounding each study site had varying effects on
porewater EGrrin peatlandcenters and laggs. During spring, &&Qn peatland centers was not
related to impervious surface area within buffer distances up to 500 m, but significant relationships
occurred for laggsHigure 23, Table D5 in Appendix D). Lgg EGor increased with higher
impervious surface area, although the relationship was weaker at buffer distances of 500 m (p =
0.09). During late summer, impervious surface area was positively correlateghtangeatland
centers for buffer distancegp to 250 m, and in laggs for buffers up to 500 m from the wetland
perimeter Figure23, Table D6 in Appendix D).
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Figure 23. Effects of impervious area within buffer distances of the wetland perimeter on

seasonal mean corrected conductivity in peatland centers and lag@sifer distances are shown
in the row labels.
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4.3.4 Chloride

The effects of watershed and land use characteristics on porewaten€&ntrations varied with
wetland position and seaso@hloride concentrations in peatland centers during spring were
related to interactions between watershed area and Land Use Index (Model 5 in Table E1 in
Appendix E) and interactions between watershed area and mean annual precipitation (Model 3 in
Table EL in Appendix E). Other topanked models contained neignificant covariates that did

not improve fit. Mean Clincreased with watershed area but the rate of increase declined with
higher Land Use Index, and these fixed effects explained 27.4 % ofiligri@able 23). Similar
patterns were evident for Model 3, where increasing mean annual rainfall offset increases in ClI
associated with larger watersheds £70.28).

In laggs, springtime Cktoncentration was best explained by the effects of wateesiead mean

annual precipitation, and impervious surface area within 50 m of the wetland (Model 2 in Table
E2 in Appendix E). The model with a lower AIC score contained asigmificant interaction that
yielded only marginal increases in explanatory pofpet 0.06). In contrast to peatland centers,

lagg CI concentration decreased with larger watershed area, and buffer impervious surface area
had a similar effect (Table 242R 0.44). In this model, lagg Ghcreased with annual rainfall (p

= 0.03) buthis effect was much smaller than that of the other variables.

During late summer, watershed area was the best predictorcohCéntrations in peatland centers
(Model 4 in Table 31 in Appendix E). More complex candidate models containesigroficant
interactions or covariates that did not improve goodness of fit (p > 0.07). Summertime mean Cl
increased with watershed area (p = 0.01) and this explained 10.4 % of varikigline@4). Lagg

CI" concentrations during late samer were best explained by mean annual precipitation and the
presence of stormwater inflow (Model 1 in Table E4 in Appendix E). MeadeCleased with
higher annual precipitation (p = 0.08), but this decline was much sharper in sites receiving inflows
from stormwater management facilities (p = 0.002) and this relationship explained 50.4 % of the
variation Eigure25).

Table 23. Effects of watershed area and Land Use Index on porewater dh peatland
centers during spring.

Fixed Effects Estimate | Std. Error | p-value
Intercept 0.43 0.60 0.47
Watershed Area (AREA) 4.03 1.46 0.01
Land Use Index (LUI) 0.23 0.22 0.32
AREA:LUI -1.54 0.70 0.03

Table 24. Effects of watershed area, meaannual precipitation, and impervious surface

areawithin 50 m of the wetland perimeter on porewater Gl in laggs during spring.

Fixed Effects Estimate | Std. Error | p-value
Intercept 4.88 2.75 0.10
Watershed Area -8.73 3.87 0.05
Mean Annual Precipitation 2.18 0.87 0.03
Impervious surface area within 50 m -9.54 4.58 0.06
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Figure 24. Effects of watershed area on mean porewater ahtide concentration in peatland
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=&
mn
1

=%
=]
1

mn
1

Mean Chloride Concentration (mg/L)

=
1

'
TTr—h

O

Stormwater Inflow
=== KO

=== YES

1500

Mean Annual Precipitation (mm)

2000
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Springtime porewater Ctoncentrations in peatland centers and lagg®asedvith the fraction

of imperviows surface area surrounding wetlangiggre 26, Table E5 in Appendix E). These
effectswere strong for buffer distances up to 300 m in both settings (p < 0.03), although weaker
effects were apparent for distances to 400 m in @ecitenters (p < 0.09) and up to 500 m in laggs

(p < 0.08). During summer, peatland centersw@s not related to impervious surface area, but
positive relationships were apparent in laggs for distances up to 500 m (Table E6 in Appendix E).
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Figure 26. Effects of impervious area within buffer distances of the wetland perimeter on

seasonal mean chloride concentrations in peatland centers and lagBsffer distances are shown
in the row labels.

4.3.5 Calcium
Peatland center €aconcentrations during spring were best explained by the interaction between
mean annual rainfall and impervious surface area within 50 m of the wetland (Model 1 in Table
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F1 in Appendix F). Calcium concentrations decreased with higher annual rainfall, fessed
with rainfall as impervious surface area increased (Table 25,0R18).

Lagg C&" concentrations during spring were best explained by watershed impervious surface area
and interactions between stormwater inflows and watershed area (Model 1l FRalin
Appendix F), and this model explained more variability than simpler candidate models (p = 0.04).
Mean C&' concentration increased with the fraction of impervious surface area within the
watershed, but Gadecreased with watershed area when siai@r inflows were present (Table

26; R =0.50).

Table 25. Effects of mean annual precipitation andmpervious surface areawithin 50 m of
the wetland perimeter on porewater Ca2+ in peatland centers during spring.

Fixed Effects Estimate | Std. Error | p-value
Intercept 0.09 1.81 0.96
Watershed Area -14.65 7.54 0.06
Mean Annual Precipitation -0.58 0.88 0.51
Impervious surface area within 50 m 14.98 6.58 0.03

Table 26. Effects of mean annual precipitationand impervious surface areawithin 50 m of
the wetland perimeter on porewater Ca* in laggsduring spring.

Fixed Effects Estimate | Std. Error | p-value
Intercept 0.89 0.88 0.32
Watershed Area (AREA) -0.00 2.78 0.99
Impervious surface area within Watershed 1.45 0.50 0.01
Presence of Stormwater Inflow (STORM) 452 1.45| 0.004
AREA:STORM -8.18 4.15 0.06

Peatland center aconcentrations during summer were most strongly related to Land Use Index
and the presence of stormwater inflows (Model 1 in TableB®pendix F). Mean Cadeclined

with higher Land Use Index (p = 0.01), but increased with Land Use Index when stormwater
management facilities were present (p = 0.003), and this model explained 24.0 % of variability
(Figure 27). Late summer lagg Gaconcentrations were not strongly related to the measured
variables, but the best model included watershed area and impervious surface area within a 50 m
buffer (Model 1 in Table F4 in Appendix F). Standardized coefficients inditaggdnean CA
concentration was primarily driven by watershed area (Table 27 0R24).

During spring, porewater €aconcentrations increased in laggs along with the fraction of
impervious surface area surrounding wetlands to distances of 500 m@g)<Weak increases
were evident in peatland centers with impervious surface area to distances of BigQne2g,
Table F5 in Appendix F). Impervious surface area did not have detectable effects on fiéan Ca
either wetland psition during late summer (Table F6 in Appendix F).
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Table 27. Effects of watershed area, the presence of natural surface water inflows, and
impervious surface areawithin 50 m of the wetland perimeter on porewater C&* in laggs
during late summer.

Fixed Effects Estimate | Std. Error | p-value
Intercept 474 2.59 0.11
Watershed Area -17.71 8.22 0.06
Impervious surface area within 50 m Buffer 2.92 1.49 0.09
Presence of Natural Surface Water Inflow 3.96 2.87 0.21
AREA:STORM -8.18 4.15 0.06
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Figure 27. Effects of Land Use Index and the presence of stormwater inflows on mean

porewater calcium concentration in peatlands during late summemigh Land Use Index scores =
fewerhumaninduced stressors.

4.3.6 Ammonium

Porewater NH" concentrations in peatland centers and laggs were affected by the fraction of
impervious surface area within their watersheds during spring. Peatlan@ditdéentrations were

best explained by watershed area and watershed impervidasesarea (Model 4 in Table G1 in
Appendix G), and additional covariates in more complex models did not improve explanatory
power (p >0.08). Mean NFidecreased with greater watershed area and increased with impervious
surface area within the watersh@a@lle 28; R=0.18). Lagg porewater NfHiconcentrations were

best explained by the presence of natural surface water inflows, and impervious surface area within
the watershed and within 50 m of the wetland (Model 1 in Table G2 in Appendix G). Mean NH
increased with watershed impervious surface area; this increase was greater when natural surface
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Figure 28. Effects of impervious area within buffer distances of the wetland perimeter on

seasonal mean calcium concentration in peathd centers and laggsBuffer distances are shown in
the row labels.

water inflows were present (Table 2% R 0.36). Impervious surface area within 50 m of the
wetland had a small negative effect on porewatesdbhcentrations.

During late summer, pdand NH;* concentrations were best explained by interactions of
watershed area and the presence of stormwater inflows (Model 2 Table G3 in Appendix G). The
model with a lower AIC score contained a rgignificant covariate that only slightly improved
modad fit (p = 0.09). Mean NH" decreased with watershed area when stormwater inflows were
present (p = 0.07), but area had no effect on"ditherwise (p = 0.56) and this explained 11.3 %

of variation Figure 29). Lagg NH" concentrtions were best explained by mean annual
precipitation (Model 1 Table G4 in Appendix G). Mean flHeclined with increasing annual
rainfall (Figure30; R?=0.13).
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Ammonium concentrations in peatland centers were not relatdd &ollee fraction of impervious
surface area within 500 m of the wetland perimeter in either season, but they were iRitagegs (

31, Table G5 and G6 in Appendix @)uring spring, lagg Nk concentrations increased with
impervious surface area within distances of 100 to 500 m of the wetland perimeter (p < 0.10), but
these relationships were strongest for impervious surface area within buffer distanceg®d 250

m (p < 0.05). During late summer, the effects of imperviousase area on lagg NH
concentrations were strongest within buffers 300 @ a(from the wetland perimeter.

Table 28. Effects of watershed area andmpervious surface areawithin the watershed on
orewater NH4" in peatland centersduring spring.

Fixed Effects Estimate | Std. Error | p-value
Intercept 0.09 0.12 0.49
Watershed Area -0.69 0.36 0.06
Impervious surface area within Watershed 0.19 0.07 0.01

Table 29. Effects of watershed area andmpervious surface areawithin the watershed on

orewater NH4* in laggsduring spring.

Fixed Effects Estimate | Std. Error | p-value
Intercept 0.36 0.20 0.09
Presence of Natural Surface Water (INFLOW -0.89 0.40 0.05
Impervious surface area within Watershed 0.35 0.15 0.04
(SHED)

Impervious surface area within 50 m Buffer -0.34 0.16 0.06
INFLOW:SHED 0.53 0.18 0.02
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Figure 29. Effects of watershed area and the presence of stormwater inflows on mean
porewater ammonium concentration in peatland caters during late summer.
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Figure 30. Effects of mean annual precipitation on mean porewater ammonium
concentration in laggs during late summer.

4.3.7 Phosphate

Porewater phosphate concentrations in both peatland centers gadllagg spring were most
strongly related to surface water inflows. MeansPEbncentrations in peatland centers were best
explained by the presence of stormwater management facilities (Model 3 in Table H1 in Appendix
H), or Land Use Index and the prase of natural surface water inflows (Model 7). Springtime
PQ:* concentration in peatland centers receiving stormwater inflow averaged 0.07 + 0.02 mg/L,
compared to 0.02 + 0.02 mg/L in sites without stormwater inflows (p = 0G40R.1). Two other
modds that included stormwater inflow had slightly lower AIC scores, but both contained
covariates that were not statistically significant (Table H1 in Appendix H) and did not improve the
goodness of fit (> 0.10). Peatland center FOconcentrations alscedreased with higher Land

Use Index values (p = 0.04; fewer humaduced stressors) when the effects of natural surface
water inflows were included (p = 0.09), and this model explained 13.9 % of the variability (Table
30). In laggs, the best models explag springtime P& concentrations included interactions
between natural surface water inflows and watershed characteristics such as drainage area (Model
1 in Table H2 in Appendix H) and impervious surface area within 50 m of the wetland perimeter
(Model 6). When natural surface water inflows were present, mea# &Dcentration increased

with watershed area (p < 0.001), but the effects of watershed area were very small in sites without
surface water connections (p <0.001; Table 31), and this modaireeg85.2 % of the variability.
Similar effects were apparent for impervious surface area within a 50 m Hritfarg32; R® =

0.85). Mean PG concentration increased with impervious surface area when natural inflows were
present (p < 0.001), but the effect of impervious surface area was small in isolated wetlands (p <
0.001). All other topranked models for springtime lagg POconcentrations contained non
significant covariates that did not improve goodness of fit Q39).

During the late summer, R® concentrations in peatland centers were best explained by mean
annual precipitation and watershed area (Model 1 in Table H3 in Appendix H). Mg&n PO
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Figure 31 Effects of impervious area withinbuffer distances of the wetland perimeter on
seasonal mean ammonium concentration in peatland centers and laggstfer distances are

shown in the row labels.

Table 30. Effects of Land Use Index and the presence of natural surfaceater inflows on

orewater phosphate concentrations in peatland centers during spring.

Fixed Effects Estimate | Std. Error | p-value
Intercept 0.109 0.030| <0.001
Land Use Index -0.028 0.013 0.04
Natural Inflow Present -0.054 0.031 0.09

concentration detied with annual precipitation (p = 0.04), when the smaller negative effect of
watershed area was accounted for (p = 0.07), and this model explained 16.8 % of the variability

(Table 32). Other candidate models contained covariates that did not enhaacatexplpower
(p>0.23) or lacked significant estimates for fixed effects (Table H3 in Appendix H).
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Table 31. Effects of Land Use Index and the presence of natural surface water inflows on
orewater phosphate concentrations in lags during spring.

Fixed Effects Estimate | Std. Error | p-value
Intercept 0.013 0.013 0.34
Logio(Area) 0.005 0.046| <0.001
Natural Inflow Present -0.349 0.040| <0.001
Logio(Area): Natural Inflow Present 1.202 0.103| <0.001

Table 32. Effects of mean annual precipitation and watershed area on porewater phosphate
concentrations in laggs during late summer.

Fixed Effects Estimate Std. Error | p-value
Intercept 0.860 0.239 0.003
Logio(MAP) -1.268 0.564 0.04
Logio(Area) -0.932 0.480 0.07
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Figure 32. Effects of buffer impervious surface areaand natural surface water inflows on
porewater phosphate concentrations in laggs during spring.

Late summer P§Y concentrations in laggs were best explained by inflows fiataral surface

water and stormwater management facilities (Model 1 in Table H4 in Appendix H), or impervious
surface area within 50 m of the wetland perimeter (Model 4). Meafi Béhcentration in laggs
receiving stormwater inflow was 0.65 £ 0.14 mg/bmpared to 0.12 £ 0.12 mg/L in other sites

(p = 0.01). Laggs with both natural inflows and stormwater inflows averaged 0.76 £ 0.26 mg/L
higher than laggs without surface water connections (p = 0.05), and 0.92 + 0.31 mg/L higher than
laggs with only naturahflows (p = 0.05; R= 0.18). Lagg PG concentrations also increased (p
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= 0.03) with greater impervious surface area within 50 m of the wetland perifFigiene33; R
= 0.10).

Impervious surface area near the wetland pdemevas associated with higher phosphate
concentrations in laggs during spring and late summer, but no difference was evident in peatland
centers Figure 34, Table H5 and H6 in Appendix H). During spring, laggsP@creased with
impervious surface area within distances up to 500 m, but this relationship was strongest within
distances of 400 m (p < 0.05). During late summer, lagg R@reased with impervious surface

area for all buffer distances except for 150 and 200 m.
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Figure 33. Effects of buffer impervious surface areaon porewater phosphate
concentrations in laggs during late summer.

4.3.8 Vegetation

Variation of peatland center vegetation was most strongly related to porewater chemistrygradien
(p = 0.01), while lagg vegetation varied with hydrologic regime and land use factors (Table 33;
Appendix J). While overall peatland center composition varied with Ca:Mg during the summer
sampling period, lagg composition varied across many more fgdtalde 33), including the
presence of stormwater inflows, Land Use Index, min/mean/max water levels in all seasons, spring
ECcor, and % impervious surface within 500 m (within the watershed). Species level responses
were analyzed in more detail via IndisaSpecies Analysis and NMS ordination axis correlations
(see below).

Nonvascular physiognomic group proportions varied with minimum, mean, and maximum water

levels during the summer sampling period (Table 34). Perhaps counterintuitively, lichens,
feathemosses, and other n@&@phagnumnonvascular species increased in abundance with
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increasing summer water tables (Appendix K). Variation in nonvascular physiognomic group
abundance within peatland centers also varied based on the density of herbaceolialoievé4
p = 0.10).

Herbaceous composition in both peatland centers and laggs varied with most abiotic and land use
factors, though all effects were weak (Table 35). As with overall floristic composition, herbaceous
composition was more closely relatedwater levels in the lagg than at the peatland centers.
Peatland center herbs varied with increasing impervious surface area, mean sumendsD

spring calcium and mean spring magnesium. Laggs varied with many of these same factors, along
with Augustminimum water levels and January mean and maximum levels.
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Figure 34. Effects of impervious area within buffer distances of the wetland perimeter on

seasonal mean phosphate concentration in peatland centers and laggster digances are
shown in the row labels.
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Summer Ca:Mg was a significant predictor of shrub composition of the peatland cém& ST,
p = <0.1; Table 36; Appendix J). Lagg shrub composition varied with both summer and winter
water levels, particularly mimum August water level (Table 36).

As noted in Appendix Q , summer precipitation explained a significant amount of variation in total
tree stem height class & 0.44; p < 0.01), seedlings (<0.5 rhzr0.40; p = 0.01), saplings (6%

m, ? = 0.43; p =0.004), and by small diameter trees (<5 cm DBH;0.49; p = 0.002). Somewhat
surprisingly, tree stem counts were greater in bogs with more summer precipiagiore 85).
Further dendrochronological analysis would be necgdsadetermine climatological patteyim

tree establishment.

Table 33. Hydrological and land use variablesorrelated with peatland center and lagg
vegetation composition.

Variable R? vrflue
Peatland center composition varies ...
Summer Ca:Mg 0.20 0.01
Lagg composition varies byé
Presence of stormwater inflows 0.12 0.04
Land Use Index of watershed 0.10 | 0.09
Mean August water level 0.13 0.02
Minimum August water level 0.17 | <0.01
Maximum August water level 0.10 0.08
Mean January water level 0.13 0.02
Minimum January water level 0.12 0.04
Maximum January water level 0.14 0.01
Spring mean Eg&ir 0.11 0.07
% impervious surface area within 500 m buffer within watershed 0.12 0.04

Table 34. Hydrological and land usevariables correlated with nonvascular physiognomic
group abundance.

Factor R? | P-value
Abundance of nonvascular physiognomiagroups in the peatland centervaries by...

Total herb cover 0.14| 0.10
Mean August water level 0.21| 0.02
Minimum August water level 0.21| 0.01
Maximum August water level 0.19| 0.02

All NMS ordinations used two dimensions. Vascular plant composition of peatland centers was
clearly distinct from lagg composition and showed less variabHityufe36). Reference sites did

not group separately from developed sites when looking at the full suite of vascular species.
Looking at abiotic and nonvascular axis correlations, laggs consistently had higher 4k, EC
summer C#&, summer My?*, winter water levels, and maximum summer water levels, but lower
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feathermoss andphagnumcover Figure 36, Table 37). The variability in lagg floristic
composition also tracks the greater variability in hydrologic regimbarniaggs. Since land use
estimates were identical for peatland centers and laggs from the same peatland site, these factors
were not useful for distinguishing peatland centers from laggs.

Table 35. Hydrological and land usevariables correlated withpeatland center and lagg
herbaceouscomposition.

Factor R? vziue
Peatl and center herb composition varies

Land Use Index of watershed 0.10| 0.07
% impervious surface w/i the watershed 0.10| 0.08
Summer mean EGr 0.12| 0.01
% impervious surface w/i 50 m buffer of wetland 0.13| 0.01
% impervious surface w/i 100 m buffer of wetland 0.14| 0.01
% impervious surface w/i 150 m buffer of wetland 0.13| 0.01
% impervious surface w/i 200 m buffer of wetland 0.12| 0.02
% impervious surfee w/i 250 m buffer of wetland 0.11| 0.05
% impervious surface w/l 300 m buffer of wetland 0.10| 0.07
% impervious surface w/i 350 m buffer of wetland 0.10| 0.08
% impervious surface w/i 50 m buffer of wetland within watershed 0.10| 0.07
% impervious surfee w/i 100 m buffer of wetland within watershed 0.13| 0.01
% impervious surface w/i 150 m buffer of wetland within watershed 0.14| 0.01
% impervious surface w/i 200 m buffer of wetland within watershed 0.14| 0.01
% impervious surface w/i 250 m buffer of theand within watershed 0.13| 0.01
Spring mean Ca 0.10| 0.07
Spring mean Mg 0.10| 0.07
Lagg herb composition varies byeé

Land Use Index of watershed 0.11| 0.08
% impervious surface w/i the watershed 0.10| 0.09
Minimum August water level 0.10| 0.07
Mean &nuary water level 0.10| 0.08
Maximum January water level 0.10| 0.07
Spring mean Egr 0.13| 0.01
% impervious surface w/i 50 m buffer of wetland 0.12| 0.01
% impervious surface w/i 100 m buffer of wetland 0.11| 0.05
% impervious surface w/i 50 m buffef wetland within watershed 0.11| 0.02
% impervious surface w/i 100 m buffer of wetland within watershed 0.11| 0.03
% impervious surface w/i 450 m buffer of wetland within watershed 0.11| 0.06
Spring mean Ca 0.10| 0.06
Spring mean Mg 0.10| 0.09
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Table 36. Hydrological and land usevariables correlated with peatland center and lagg
shrub composition.

May-September Precipitation (mm)

p-
Factor R? value
Peatl and center shrub composition varie
Summer mean Ca 0.16 0.08
Summer Ca:Mg 0.31| <0.01
Lagg shrubcompos t i on varies byé
Mean August water level 0.12 0.03
Minimum August water level 0.16 0.01
Mean January water level 0.11 0.07
Maximum January water level 0.11 0.06
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Figure 35. Total number of tree stems at peatland center as function of summer

precipitation.
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When analyzing all sites together, Axis 1 in the NMS ordinations primarily represents a shift from
Kalmia microphylla+ Rhododendron groenlandicudominance (peatland centers) épiraea
douglasii+ Malus fuscalominance (laggs)Rigure36; Table38). The few lagg relevés that group
toward the left side of axis 1 represent forested laggs that had little $piraeea douglasior

Malus fuscapresent. Developed and reference sites intermiimgtee ordination, but all of the
wettest ges are in developed settings.

While a separate NMS analysis of peatland centers alone did not produce meaningful results,
ordinations restricted to laggs showed that floristic variation correlated with a dradien
increasing elevation and decreasing winter water levels (axis 1), as well as decreasing summer
calcium/magnesium and increasing summer water levels (axifigeire 37, Table 39).
Floristically, axis 1 of the laggnly NMS (Figure37) represents a gradient of decreastpiraea
douglasii and increasing mesic specie$afltheria shallon Rhododendron menziesii
Struthiopteris spicantetc.) characteristic of forested laggs (Table 40). This followsrdmients

of decreasing winter water levels, increasing feathermoss cover, and increasing Land Use Index
(i.e. fewer humatinduced stressors). Axis 2 represents decreddialgs fuscaand Oenanthe
sarmentosaalong with increasing cover of species charatierof permanently flooded or
permanently saturated conditions (e.Garex cusickii Carex aquatilisvar. dives Nuphar
polysepala Typha latifolig and others). This follows the gradients of increasing summer water
levels and decreasing calcium and megjum exhibited in the laggs (Table 39). Variation in
floristic composition along axis 2 appears to be unrelated to land use.
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Figure 36. NMS ordination of vascular composition in peatland centers and laggsiplots
represent hgrological and hydrochemistry factors.
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Table 37. Abiotic and nonvasallar correlations with all relevé plotsNMS axes.Only #> 0.20

included.
Axis 1 r r2 Axis 2 r R?

Spring mean pH 0.82 | 0.67 | Mean January water level -0.46 | 0.21

Summer mean pH 0.71 | 0.51 | Maximum January water level -0.45 | 0.20

Mean January water level 0.64 | 0.41 | Land Use Index of 10600 m buffer | 0.46 | 0.21

Minimum January water level 064 | 041

Maximum January water level 0.64 | 041

Summer mean EGr 0.61 | 037

Summer mean Ca 0.61 | 0.37

Spring mean Eg&i 0.50 | 0.25

Summer mean Mg 0.49 | 0.24

Maximum August water level 0.46 | 0.21

E;c;/g(r)rtion ofSphagnunin Ground 069 | 047

E;())/Z?mon of Feather Moss in Grour 071 | 050

Table 38. Floristic correlations with all relevé plotsNMS axes.Only > > 0.20 included.
Axis 1 r r2 AXxis 2 r R?

Spiraea douglasii 0.66 | 0.44 | Gaultheria shallon 0.61 | 0.37

Malus fusca 0.60 | 0.36 | Oenanthe sarmentosa 0.56 | 0.32

Kalmia miaophylla -0.73 | 0.53 | Rhododendron menziesii 0.54 | 0.29

Rhododendron groenlandicum | -0.74 | 0.55 | Tsuga heterophylla 0.54 | 0.29
Rubus ursinus 0.53 | 0.28
Mycelis muralis 0.53 | 0.28
Athyrium filixfeminassp.cyclosorum 0.51 | 0.26
Vaccinium parvifolium 0.49 | 0.24
Polystichum munitum 0.49 | 0.24
Rubus spectabilis 0.45 | 0.20
Carex cusickii -0.46 | 0.21
Carex echinatasp.echinata -0.48 | 0.23
Carex aquatilis var. dives -0.48 | 0.23
Comarum palustre -0.48 | 0.23
Eleocharisspp. -0.48 | 0.23
Juncus acuminatus -0.48 | 0.23
Lycopus uniflorus -0.48 | 0.23
Nuphar polysepala -0.48 | 0.23
Scirpus cyperinus -0.48 | 0.23
Typha latifolia -0.48 | 0.23
Juncus hesperius -0.50 | 0.25
Lemnaspp. -0.50 | 0.25

93




[ ] Landscape

® Developed
# Reference

August min water level

August mean water level

August mas water level

Axis 2

January min water level
® January mean water lavel
January max mater level Max watershed elevatian
® Min watershed elevatior

Summer mean Mg

Sumrmer mesan Ca

Axis 1

Figure 37. NMS ordination of vascular composition in laggsBiplots represent abiotic axis
correlations.

The results of Indicator Species Analysis showed no significant indicators (p < 0.10) of developed
peatland centers or laggs (Table 41). However, a fewespeere shown to have moderate value
as indicators of reference peatland centers and reference laggs.

An NMS ordination of nonvascular physiognomic groupphagnumfeathermosses, and other
mosses) in peatland centers is showRigure38 (data presented are only from peatland centers,
where systematic nonvascular transects occurred). Axis 1 represents an abiotic gradient of
decreasing summer Ca:Mg and increasing summer water levels (Table 42). Mean spring
magnesium and mean aral precipitation also vary somewhat with axis 1, but these factors are
more directly correlated to axis Peather moss cover increased &pthagnunand other mosses
decrease with greater summer water levels and lower summer Ca:Mg (Table 43). Lichen cover
increased with greater annual precipitation and lower spring magnesium levels (axis 2), while
Aot her mMosseso0O showed the opposite relationsh
peatland centers in developed landscapes appear to have higherpropons of f eat her
mossesKigure38, Figure39) . iOt her mosso was al so shown to
(Table 44). Abiotic correlation of the abundanceSphagnumwvas inconclusivgFigure 40).

Indicator species analysis identified lichen cover as a significant indicator of reference conditions

but the NMS ordination suggest it may be more related to annual precipitatione4l).
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Table 39. Abiotic and nonvascular correlations withlagg relevé plotsNMS axes Only r >

0.20 included.

Axis 1 r r? Axis 2 r R?
Maximum elevation of watersheq 0.64 | 0.40 | Minimum August water level 0.83 | 0.68
g‘;‘;ﬂ%'igﬂfeaﬁ Moss in 0.62 | 0.38 | Mean August water level 0.73 | 0.53
Minimum elevation of watershed 0.60 | 0.36 | Maximum August water level 0.59 | 0.34
It;zlfnfgru(\sl\?l\:a%eig\fellozeg&? 0.56 | 0.31 | Summer mean Mg -0.45 | 0.20
(L\f\‘/r,‘\?Hlé,sfécgle;‘ ETX)O”‘ buffer | 5 45 | 0.20 | Summer mean ca 053 | 0.28
Mean January water level -0.53 | 0.28
Maximum January water level -0.57 | 0.33

Table 40. Floristic correlations with lagg relevé plotsNMS axes Only r* > 020 included.

Axis 1 r r2 Axis 2 r R?
Gaultheria shallon 0.73 | 0.54 | Carex cusicKii 0.74 0.54
Rhododendron menziesii 0.69 | 0.47 | Carex aquatilisvar.dives 0.71 0.51
Tsuga heterophylla 0.65 | 0.42 | Carex echinatasp.echinata 0.71 0.51
Struthiopteris spicant 0.58 | 0.33 | Comarum palustre 0.71 0.51
Mycelis muralis 0.54 | 0.30 | Eleocharisspp. 0.71 0.51
Vaccinium parvifolium 0.52 | 0.27 | Juncus acuminatus 0.71 0.51
Cornus unalaschkensis 0.51 | 0.26 | Lycopus uniflorus 0.71 0.51
Rubus ursinus 0.50 | 0.25 | Nuphar polysepala 0.71 0.51
Thuja plicata 0.50 | 0.25 | Scirpus cyperinus 0.71 0.51
Oenanthe sarmentosa 0.50 | 0.25 | Typha latifolia 0.71 0.51
Rubus spectabilis 0.49 | 0.24 | Juncus hesperius 0.65 0.42
Lysichiton americanus 0.48 | 0.23 | Lemna spp. 0.65 0.42
Alnus rubra 0.48 | 0.23 | Carex canescens 0.50 0.25
Spiraea douglasii -0.82 | 0.68 | Oenanthe sarmentosa -0.47 0.22

Malus fusca -0.59 0.34
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Figure 39. NMS ordination of nonvascular physiognomic group proportions inpeatland

centers.Biplots represent abiotic axis correlatiohsrger relevé markers represertiigher proportion of
feathemosses.

96



Landscape

. Spring mean Mg

ummer Ca:Mg d

August min water level
‘ ugust mean water level

August max water level

Axis 2

‘ Annual Precip .
e

Axis 1

Figure 40. NMS ordination of nonvascular physiognomic group proportions inpeatland

centers.Biplots represent abiotic axis correlations. Larger relevé enanepresent a higher proportion of
Sphagnum
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Figure 41. NMS ordination of nonvascular physiognomic group proportions inpeatland
centers.Biplots represent abiotic axis correlatiohsrger relevé markers represent a highepprtion of lichen.

97




Table 41. Vascular plant species indicator®f reference \s. developedstudy sites Indicator
values range from 0 to 100 (100 = perfect indicaton)ly statistically significant restd (p < 0.10 5 are sbhwn.

Wetland Position Species Reference| Developed| P-value
Peatland center Vaccinium uliginosum 60 0 0.01
Peatland center Thuja plicata 50 3 0.06
Peatland center Lysimachia europaea 40 0 0.07
Peatland center Struthiopteris spicant 40 0 0.08
Peatland ceter Cornus unalaschkensis 40 0 0.08
Peatland center Malus fusca 40 0 0.08
Peatland center Picea sitchensis 40 0 0.08
Peatland center Carex utriculata 48 3 0.08
Lagg Thuja plicata 80 0 0.00
Lagg Carex obnupta 60 0 0.02
Lagg Gaultheria shallon 71 14 0.05
Lagg Pteridium aquilinunssp.pubescens 46 4 0.07
Lagg Lonicera involucratavar. involucrata 40 0 0.08
Lagg Rosa pisocarpa 40 0 0.08
Lagg Cornus unalaschkensis 40 0 0.08
Lagg Rhododendron groenlandicum 61 10 0.09

Table 42. Abiotic correlations with peatland center nonvascular NMS axeSOnly > > 0.20
included.

Axis 1 r r2 Axis 2 r R?
Maximum August water level 0.58 | 0.33 | Spring mean Mg 0.46 | 0.21
Minimum August water level 0.55 | 0.30 | Mean annual precipitation -0.50 | 0.25
Mean August water level 0.53 | 0.28
Summer Ca:Mg -0.48 | 0.23

Table 43. Nonvascular physiognomic group correlations with peatland center nonvascular
NMS axes Only 2> 0.20 included.

Axis 1 r r2 Axis 2 r R?
Feather mosses 0.97 | 0.95 | Other Moss 0.49 | 0.24
Other nos®s -0.47 | 0.22 | Lichen -0.93 | 0.86
Peat mossesphagnunspp.) -0.97 | 0.95
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Table 44. Nonvascular physiognomic group indicators of peatland centers in reference v.
developed landscape®nly statistically significant rests (p < 0.19 are shown.

Nonvascular Physiognomic Group Inefeziter Vel (E-10Y) P-value
Reference Developed
Lichen 74 12 0.03
Other Moss S 64 0.099

4.4 TESTING RAPID ASSESSMENTS IN PUGET LOWLAND PEATLANDS

4.4.1 Ecological Integrity Assessment

Correlations between measured variables and Condition scores (a component of Ecological
Integrity Assessment scores) are presented in Table 45. Condition scores were used in these
analyses because many land use variables arecautdated or explicitly assessed in the
Landscape Context metrics that are included wllsEiA score. [See Appendix &nd Appendix

N] Conditions scores ranged from 2.84-XBo 4.00 (A+) across our study sites. The positive
correlation between precipiion and Condition score is presumably a result of the moister
climates of our reference sites. Negative correlations between Condition scores and impervious
surface area, spring chlorine concentrations, and the presence of stormwater inflows were strong
(Table 45 Figure42, Figure43). Condition scores were also negatively correlated with watershed
area and the summer ratio of calcium to magnesium.

EIA assessment areas were delineated based on theahttenpeatland center plant communities
(laggs were excluded from EIAs because they support distinct vegetation comriusgtes
Rocchio et al. 2020a). However, some hydrological and porewater chemical variables in the laggs
were correlated with Conditio scores for the peatland centers. Spring mean calcium and
magnesium in the laggs were both significantly negatively correlated with Condition scores in
associated centers (Table #egure44).

4.4.2 Floristic Quality Assessment

Numerous Floristic Quality Assessment (FQA) indices were calculated for peatland centers and
laggs and correlated with environmental variables. All FQA indices had significant correlations
with abiotic variables, but only two are discussed here: Mearfi€ieat of Conservatism (Mean

C (all)) and Floristic Quality Assessment Index (FQAI). Due to the infrequent occurrence of
nonnative species in these systems, there was no need to exclude nonnative species (e.g., Mean C
(nat) and FQAI (nath) doing so had naneaningful impact on the results. Adjusted Floristic
Quality Assessment Index is strongly correlated with Mean C (all) and nonnative species richness,
so it was also unnecessary for analyzing an almost entirely native species list. Fuld results
includingregressions for these additional FQA ind&ese in Appendix M and Appendix O.

4.4.2.1 Mean Coefficients of Conservatism (Mean C)

Peatland center Mean C (all) ranged from 3.88.50 (Appendix M and Appendix)Qincreasing
along with stormwater inflowsmpervious surface area, maximum January water level (e.g. winter
flooding), and spring mean chlorine (Table Bigure45). Mean C (all) values in lagg relevé plots
ranged from 2.26 to 4.67. These values were negatively codalate both spring mean pH and
ECeorr (Table 48;Figure46).
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Figure 42. Relationship betweenCondition Score and the percentage of impervious
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Table 45. Hydrological and land use variablesorrelated with Condition Scores of Peatland

Centers.Note: Hydrological and hydrochemioariablespresented in this table are from the peatland center.
Only statistically significant results (p < 0.05) wift»r0.25 are showrb = the regression slopee. theestimated
change irthe peatland center Condition score for a given value of/thr&ble. A positiveb indicates a positive
relationship, and vice versa.

Variables R2 P-value b
Mean annual precipitation 0.32 <0.01 | >0.00
May-Sept precipitation 0.30 <0.01 | >0.00
Presence of stormwater inflows 0.28 <0.01 | -0.40
Watershed Area 0.35 <0.01 | <0.00
% impervious surface w/i the local watershed 0.36 <0.01 | -1.90
% impervious surface w/i 50 m buffer of wetland 0.51 <0.01 | -253
% impervious surface w/i 100 m buffer of wetland 0.39 <0.01 | -2.23
% impervious surface w/i 150 m buffef wetland 0.39 <0.01 | -2.29
% impervious surface w/i 200 m buffer of wetland 0.40 <0.01 | -2.33
% impervious surface w/i 250 m buffer of wetland 0.41 <0.01 | -231
% impervious surface w/i 300 m buffer of wetland 0.42 <0.01 | -2.30
% impervious surface Av350 m buffer of wetland 0.42 <0.01 | -231
% impervious surface w/i 400 m buffer of wetland 0.40 <0.01 | -2.27
% impervious surface w/i 450 m buffer of wetland 0.39 <0.01 | -2.22
% impervious surface w/i 500 m buffer of wetland 0.36 <0.01 | -2.16
% impevious surface w/i 50 m buffer of wetland within watershed 0.52 <0.01 | -2.42
% impervious surface w/i 100 m buffer of wetland within watershed 0.42 <0.01 | -2.12
% impervious surface w/i 150 m buffer of wetland within watershed 0.43 <0.01 | -2.18
% impenious surface w/i 200 m buffer of wetland within watershed 0.42 <001 | -2.22
% impervious surface w/i 250 m buffer of wetland within watershed 0.41 <0.01 | -2.12
% impervious surface w/i 350 m buffer of wetland within watershed 0.25 <0.01 | -1.13
Summer Cavig 0.30 <0.01 0.00
Spring Mean ClI 0.49 <0.01 | -0.78

Table 46. Lagg abiotic variables correlated with Condition Scores of Peatland Centersnly
statistically significant restg (p < 0.0% with r>> 0.25 are showrb = the regession slopgi.e. theestimated change
in the peatland center Condition score for a given value of that variable. A paditidieates a positive
relationship, and vice versa.

Factor R2 P-value b
Spring mean Ca 0.37 <0.01 -0.12
Spring mean Mg 0.30 <0.01 -0.23
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Table 47. Hydrological and land use variablecorrelated with Mean C (all) in peatland

centers Only statistically significant results (p < 0.05) wifier0.25 are showrb = the regression slopee. the
estimated change the peatland center Mean C (all) score for a given value of that variable. A pbdittieates a

ositive relationship, and vice versa.

Factor R? P-value b
Presence of stormwater inflows 0.25 <001 0.68
Maximum January water level 0.37 <0.01 0.03
% impervious surface w/i 25@ buffer of wetland 0.26 <0.01 3.33
% impervious surface w/l 300 buffer of wetland 0.29 <0.01 3.46
% impervious surface w/i 35 buffer of wetland 0.30 <0.01 3.56
% impervious surface w/i 40@ buffer of wetland 0.31 <0.01 3.60
% impervious surface w/i 45 buffer of wetland 0.31 <0.01 3.63
% impervious surface w/i 50 buffer of wetland 0.30 <0.01 3.61
Spring mean ClI 0.35 <0.01 0.73

Table 48. Hydrological and land use variablesorrelated with Mean C (all) in laggs Only
statistically significant results (p < 0.05) wither0.25 are shown.

Factor r2 P-value

b

Spring mean pH

0.40 0.00

-0.64

Spring mean Egr

0.65 0.00

-0.01
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Figure 46. Relationship between lagg mean-galue and spring mean EGorr ( € S/ ¢ m)

0.001).
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4.4.2.2 Floristic Quality Assessment Index (FQAI)

Floristic Quality Assessment Index (FQAI) values are calculated by multiplying the avadunec
by the square root of species richness (Taft et al., 1997). FQAI in peatland ceoteesed with
higher impervious surface area, as well as spring and summer porewaigr &@ summer
phosphate levels (Table 4Rigure47). Similarly, FQAI in laggs dropped with higher impervious
surface area, spring calciuand spring magnesium (Table $gure 48).

Table 49. Hydrological and land use variables correlated with Floristic Quality Assessment

Index in peatland centers.Only statistically significant results (pG05) with 2> 0.25 are showrb = the
regression slope.e. theestimated change the peatland center Mean C (all) score for a given value of that
variable. A positiveb indicates a positive relationship, and vice versa.

Factor R? P-value b
Mean anmnal precipitation 0.36 <0.01 0.00
Land Use Index of watershed 0.28 <0.01 0.45
Spring mean Eg&n 0.39 <0.01 -0.13
Summer mean EGr 0.30 <0.01 -0.08
% impervious surface w/i 100 buffer of wetland 0.26 <0.01 | -12.79
% impervious surface w/i 158 buffer of wetland 0.26 <0.01 | -12.99
% impervious surface w/i 10@ buffer of wetland within watershed 0.27 <0.01 | -11.81
% impervious surface w/i 150 buffer of wetland within watershed 0.30 <0.01 | -12.86
% impervious surface w/i 20@ buffer of wetland within watershed 0.30 <0.01 | -13.14
% impervious surface w/i 25@ buffer of wetland within watershed 0.26 <0.01 | -11.73
Summer PO4 0.31 <0.01 -4.08

Table 50. Hydrological and land use variables correlated with Florisic Quality Assessment
Index in laggs Only statistically significant results (p < 0.05) wifrer0.25 are shown.

Factor R? P-value b
% impervious surface w/l 300 buffer of wetland 0.26 <0.01 | -16.73
% impervious surface w/i 35@ buffer of wetland 0.27 <0.01 | -17.15
% impervious surface w/i 40 buffer of wetland 0.29 <0.01 | -17.56
% impervious surface w/i 450 buffer of wetland 0.30 <0.01 | -17.92
% impervious surface w/i 50 buffer of wetland 0.28 <0.01 | -17.58
% impervious surface w/i 45@ buffer of wetland within watershed 0.28 <0.01 -9.66
Spring mean Ca 0.41 <0.01 -1.13
Spring mean Mg 0.26 <0.01 -1.96
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4.4.3 Comparison of Ecological Integrity Assessment & Floristic Quality Assessment

4.4.3.1 Peatland Center Comparisons

Peatland center Mean C (all) exhibitedemative relationship with Condition scorésgure49).

Binning the Condition scores into ranks also demonstrated a potentially negative relationship
(ANOVA p = 0.06,Figure50), but the dataset lackedveeely degraded study sites (i.e., Condition
Ranks of C or D). While sites were stratified by watershed size, inflows, and the proportion of
surrounding development, the study design did not explicitly aim to sample across the full potential
gradient of orsite condition. Mean C (all) also had a negative relationship with the Vegetation
Major Ecological Factor scord-igure51). This may be due to fen/marsh species with high C
values establishing in peatland centers with slighdrafions to hydrology and/or porewater
chemistry.

Comparison of Condition scores with Floristic Quality Assessment Index (FQAI) scores did not
show a significant correlation?(s 0.10, p = 0.22).

The strongest correlation between FQA and EIA would peeed between the EIA Native Plant
Species Composition metric (VEG3) and FQA ind
ranks for this metric. While there was a significant difference in Mean C (all) values between these

two EIA ranks (ANOVAp=0. 04) , sites that received 6B6 ra
(Figure52) t han those that received O0AO6 ranks.
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Figure 49. Relationship between peatland center ManC (all) and Condition score (p <
0.05).
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Vegetation Major Ecological Factorscore (p< 0.01).
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the mean, whiskers extend to the minimum and maximum, and points beyond the whiskers represent outliers.

4.4.3.2 Lagg Comparisen

The relationship between Mean C (all) values in the lagg and Condition score (for the peatland
center) was not significanFigure53). There was no significant difference in lagg measmlces
between bog EIA rank$-{gure54, ANOVA p = 0.32)
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Figure 53. Relationship between lagdgvean C (all) valuesand peatland centerCondition
score (p = 0.B).
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Figure 54. Range of laggMean C (all) valuesby Conditonr ank ( O3 .-B79=AA+, 3.

3.0-3.49 = B+, 2.52.99 = B) (ANOVA p = 0.32). Boxes represent the interquartile, lines within the box
represent the mean, whiskers extend to the minimum and maximum, and points beyond the whiskers represent
outliers

4.4.4 Rapid Water Table Measures Using PVC Tape

A total of 160 total bamboo garden stakes were installed and collected between 2018 and 2020
(Table 51). A total of 74 stakes were installed to represent the rainy season, 40 stakes to represent
the dry seasq and 46 stakes to represent a full year. Stakes with black PVC tape showed no visible
color change and were excluded from analyses (n=18). Additional stakes were excluded because
of human or bear vandalism (n=4), logger error (n=3), they became cenrettiedground and

were not extractable (n=1), they broke during extraction (n=1), or because stickup values were
unreliable due to extremely soft/mucky substrate (n=2). 131 stakes were ultimately used in
analysis, with 65 left to represent the rainy sea8to represent the dry season, and 33 to
represent the full year.

4.4.4.1 Field vs. Laboratory Measures

Measurements of color change were made both in the field, immediately following removal of the
stake form the ground, and in the laboratory by aepeddent observer where muck and other
obscuring material could be removed more thoroughly and measurements could be made under a
consistent light source. ANCOVA showed that the differences between field and lab measurements
were not statistically signifant ¢ = 0.66). Field and laboratory measurements of minimum water
level differed by 2.9 cm on average (maximum difference = 16 cm) and maximum water level by
an average of 4.5 cm (maximum = 57 cm) (TablePs@re55, Figure56).

All stake measurements (including minimum and maximum) had their greatest correlation with
the mean water level recorded by the data loggers (Table 52). Maximum water levels explained
the greatest amount of variation in thegegrecorded means(¥ 0.59, Table 5Xigure56). The
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midpoint of field measurements? (= 0.59) and the maximum lab measuremeht=(r0.57)
performed nearly as well.

Since there was no significant difference between the &alil lab measurements, only field
measurements were used for subsequent analyses described in sections below. Dependent
variables were reduced to the medhpércentile, and 95percentile daily mean water levels from

the loggers. Correlations betwedrese dependent variables and the minimum, maximum, and
midpoint of the PVC color changes did not vary with PVC tape color, peatland position (i.e. lagg
vs. patland center), or seasonality.

Table 51. Number of PVC-taped garden staks by season.

Season # of Stakeslnstalled # of i’[ﬁgﬁ/ssgsed n AV%@%E_J a(:(f)P s
Winter (Rainy seasorkall-Spring) 74 65 191 (183204)
Summer (Dry seasopringFall) 40 33 168 (162176)
Full Year(SpringSpring) 46 33 356 (304366
Totals 160 131 n/a

*First/last seven days have been trimmed.

Table 52. Linear regression results for stake measurements made in the field, lab, and an
average of the two as functions of the minimum, 5th percentile, mean, 95thrpentile, and

maximum daily mean water level as recorded by data loggeBold numbers = highest correlation
for that stake measurement. Shaded cells = highest correlation for that logger measureatees. gl <0.01.

PVC-taped Stakes
Data Logger Field Lab

Min Max Midpt. Min Max Midpt.

Min r? 0.19 0.09 0.17 0.17 0.18 0.20
5th Perc r2 0.25 0.17 0.24 0.21 0.26 0.27
Mean r2 0.51 0.59 0.59 0.37 0.57 0.51
95th Perc r2 0.29 0.46 0.37 0.23 0.40 0.33
Max r 0.26 0.36 0.32 0.20 0.33 0.28
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Figure 55. Difference between maximum, minimum, and midpoint measurements and

logger-recorded mean water levelsBoxes represent the interquartile, lines within the box represent the
mean, whiskers extend to the mmitum and maximum, and points beyond the whiskers represent outliers.

Measure —# Field % Lab

y=38+091x R°=059

y=38+096x R*=057

504 o

[+l
o
L

o
L

Mean Water Level (Logger) (cm)

-251

40 20 0 20 40
Maximum Water Level (Stake) (cm)
Figure 56. Mean water level recorded by data logger as a function of maximum water level

derived from field stake measurementsANCOVA showed lab measures waret significantly different
(p = 0.66).
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4.4.4.2 PVC Tape Color

All 131 stakes were divided into groups based on their tapedc§lgrlight (yellow, white) and

(2) dark (blue, red, green) bundles and were compared using ANCOVA. Reducing conditions
resultel in a gray discoloration on the PVC tap&g(re57). On black tape, this was never visible

to the naked eye. Both field and lab staff found it easier to detect color changes-colbgid

PVC tape than on dark tape. The dadkored subset had been in wetland sites that had water table
levels (as determined by data loggers) ranging #881to 50 cm, while the lightolored subset

came from wetland sites where water table levels ranged-80to 66 cm. Measurements derived
from lightcolored PVC tape had far stronger correlations with locggesrded water level3 &ble

53; Figure 58), with the maximum and midpoint of stake measurements being most highly
correlated with loggerecorded mean water lel(” = 0.73 and 0.75, respectively). ANCOVA
indicated that measurements taken from hgibred tape were superior estimates of water level,
increasing the slope by 0.31 (i.e., closer to perfect agreement) when comparing maximum stake
derived water leMeto mean logger water level (p = 0.03). Howeverstest of the differences
between logger measurements and stake measurements of light and dark tape was not significant
(p = 0.16) Figure59), indicating that the mean differendetween water levels derived from
stakes and loggers did not vary by color. In other words, since the average error was not
significantly different, it is possible that the significantly better slope from the diglotred tape

may be influenced by tharger range of logger water level values in the {iglored data set.

Figure 57. Gray discoloration on red PVC electrical tape(bottom) caused by reducing
conditions.
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Table 53. Linear regression resuls for stake measurements made in the field as functions
of the 5th percentile, mean, and 95th percentile daily mean water level as recorded by data

logger. Results subdivided by dark and light colored PVC tape. Bold numbers = highest correlation fakéhat s
measurement. Shaded cells = highest correlation for that logger measurewatnespall <0.01.

PVC-taped Stakes
Data Logger Light Color Dark Color
(White, Yellow) (Red, Green, Blue)
Min Max Midpt. Min Max Midpt.
5th Perc r? 0.35 0.28 0.37 0.17 0.06 0.13
Mean r? 0.66 0.73 0.75 0.32 0.40 0.36
95th Perc r? 0.44 0.66 0.54 0.12 0.26 0.18

Color_bin =# Dark =& Light

y=18+067x R*=04 4
y=47+11x R*=073

501 .

M
[#]
L

]
L

Mean Water Level (Logger) (cm)

-251 *

20 0 20 40
Maximum Water Level (Stake) (cm)
Figure 58. Comparison of linear regressions of water level recorded by data logger as a

function of maximum water levd derived from light- and dark-colored PVC tape.ANCOVA
showed light tape significantly improved the relationship (slope +0.31, p=0.03).
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Figure 59. Difference between measured maximum and loggeecorded mean water levels

for both light- and dark-colored PVC tape.T-test was not significant (p=0.16), although light and dark
tape had significantly different slopes in the regression (ANCOVA p=0.03).

4.4.4.3 Peatland Position

To maintain a robust sample size, all colors of PVC {@esides black) were included in this
analysis. PVC maximum water level (= first detected color change) was more highly correlated
with the loggerrecorded mean water level in laggs<10.65) than in peatland center$%£r0.02)

(Table 54;Figure60). Restricting the analysis to only ligbtlored PVC tape dropped the sample

size to 30 and did not improve correlations (méx 10.09). ANCOVA confirmed that stake
derived water measurements from laggs were better estimates ofateielevel than those at
peatland center, increasing the slope by 0.87 (p < 0.01). However, the spread of differences
between lagg and peatland center measurements and their respective data loggers was similar,
despite the much larger range of potentiater levels found in lagg&igure6l). A t-test showed

that the mean difference between PVC maximum water level and logger mean water level in the
two peatland positions was not statistically significant (p = 0.18).

4.4.4.5 Seamality

Stakes were subdivided by the seasonal range in which they were in the ground: summer (spring
fall), winter (fall-spring), or a full year (springpring). Linear regressions were calculated using
the full sample of stakes, as well as the subsstaides with lighicolored PVC tape (Table 55).

The magnitude of water level changes was much smaller during the seasonal drought. For stakes
left in the ground through the winter, data logger water levels at a given well nest varied by 65 cm,
while summeidata logger water levels varied by only 40 cm (annual variation averaged 74 cm).
Summer PVC measurements had stronger correlations Witkergentile water levels than in the
winter (Table 55). Theoretically, this could occur because the water spend8meoas or near
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Table 54. Linear regression results for stake measurements in laggs and peatland centers as

functions of the minimum, 5th percentile, mean, 95th percentile, and maximurof data

logger daily mean water leves. Bold numbers = highest correlation for that stake measurement. Shaded

cells = highest correlation for that logger measuremeunéalpes all <0.01.

Lagg Peatland center
Data Logger - ; . ;
Min Max Midpt. Min Max Midpt.
5th Perc r2 0.32 0.38 0.34 0.07 <0.01 0.03
Mean r2 0.50 0.65 0.62 0.14 0.02 0.08
95th Perc r? 0.29 0.50 0.37 <0.01 0.10 0.02
Pos -+ Center - Lagg
L]
=—-92-013 »x ,-—"._': =0.015 *

3
+x R°=06

M2 on
o [}
L L

=]
L

Mean Water Level (Logger) (cm)

-254

20 0 20 40
Maximum Water Level (Stake) (cm)

Figure 60. Comparison of linear regressions of water level recorded by data logger as a

function of maximum water level derived from PVC tape n laggs and peatland centers.
ANCOVA showed laggs had significantly stronger relationship (slope +0.87, p < 0.01).

this minimum level during the seasonal summer drought or because the chemical reactions
involved in discoloration occur faster at higher pamatures. Summer was also the only period in
which the strongest correlations were between PVC measurements"pei@tile water levels.
However, ANCOVA did not show a significant difference in seasonal relationships between stake
derived water levednd data logger water level (Summékiinter pvalue = 0.26, SummeEull
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Figure 61. Difference between maximum, minimum, and midpoint measurements and

loggerrecorded mean water levels in laggs and peatland centenstest was ot significant

(p=0.18), although laggs and bog centers had significantly different slopes in the regression (ANCOVA p < 0.01).
Boxes represent the interquartile, lines within the box represent the mean, whiskers extend to the minimum and
maximum, and poiis beyond the whiskers represent outliers.

Year pvalue = 0.10) Figure62; Figure63). Restricting the sample to measurements taken from
light-colored PVC tape did not strengthen differences (SummentéVipvalue = 0.42,
Summer::Full Year walue = 0.35) Figure64). Note that summer measurements had the lowest
sample size (n = 40, Table 51).

4.4.4.6 Influence of pH
There was no significant correlation between pH and the anodenror in the PVC measures (r
= 0.03,p = 0.09,Figure65).

4.5 POLLEN ANALYSIS
Results of the pollen analysis to detect recent vegetation changes2@d§8ars) of three of the
study sites are discussed below.

4.5.1 Evans Creek (EC) Pollen Analysis
Results are discussed relative to different depth zones, starting witbepestKigure66). Age,
pollen type, pollen concentration, and charcoal concentration are shé&iguie66.
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Table 55. Linear regression results forseasonaktake measurements as functions of the
minimum, 5th percentile, mean, 95th percentile, and maximunof data loggerdaily mean

water levek. Results also shown for ligltblored PVC only. Bold numbers = highest correlation for that stake
measurement + season. Shaded cells = highest correlation for that logger measurement +\sdaseralp<0.01.

All Colors of PVC
Data Logger Summer Winter Full Year
Min Max Midpt. Min Max Midpt. Min Max Midpt.

5th Perc r? 0.59 0.04 0.36 0.12 0.13 0.13 0.55 0.45 0.51

Mean r 0.55 0.42 0.54 0.43 0.64 0.56 0.66 0.75 0.69
95th Perc | r? 0.40 0.43 0.42 0.22 0.59 0.39 0.31 0.41 0.32
Light -Colored PVC Only
Data Logger Summer Winter Full Year
Min Max Midpt. Min Max Midpt. Min Max Midpt.
5th Perc r? 0.38 0.07 0.29 0.25 0.19 0.27 0.64 0.71 0.71

Mean r 0.52 0.32 0.61 0.65 0.76 0.78 0.78 0.85 0.86
95th Perc | r? 0.52 0.45 0.65 0.35 0.71 0.53 0.67 0.74 0.74

Season Spring-Fall —& Fall-Spring % Spring-Spring

M w
o =]
1 L

]
L

Mean Water Level (Logger) {cm)

-25+

20 0 20 40
Maximum Water Level (Stake) (cm)
Figure 62. Comparison of linear regressions of seasonal maximum water levels derived

from PVC tape (all colors), as a function of mean water level recorded by data logger.
Differences in slope were not statistically significant according to ANCOVA.

117



30
-g,—-. 20 L]
SE .
§= 10
£e
59 o
[ .
o
=8 0
oz B Max
8 -20

Q .

5= B Min
] -30
'QE,E B Midpoint
CEI§ -40 ®
L]
gt 50 . :
28
58 %0

-70

Summer Winter Full Year

Figure 63. Difference between seasonal maximum, minimum, and midpoint measurements

and loggerrecorded mean water levelsBoxes represent the interquartile, lines within the box represent
the mean, whiskers extend to the minimurd araximum, and points beyond the whiskers represent outliers.

Season Spring-Fall —# Fall-Spring —#& Spring-Spring

y=79+11x R*=076
501 v=0

5+12x R =085

o
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20 0 20 40
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Figure 64. Comparison of linear regressions of seasonal maximum water levels derived
from PVC tape (light colors only), as a function of mean water level recorded yata
logger. Differences in slope were not statistically significant according to ANCOVA.
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Figure 65. Relationship between pH and the difference between PVC maximum and logger
mean water level measurements (p = 0.09).

4.5.1.1 Zome ECGI (50-53 cm;-28 t0-26 cal yr BP; 1981977 AD)

Only two pollen samples were contained within this zone. The zone is distinguished by having the
highest percentages Binus(8-9%) and Cupressaceae {20%). The remainder of the arboreal
taxa consited of minor amounts disuga heterophylléd-5%), Abiessp. (~2%) Pseudotsugé6-

8%), Alnus rubra(17-18%), and Ericaceae species8%). Other minor components included
Picea (1-3%), Acer (~1%), Betula (~1%), Salix (<1%), Populus(~2%), andQuercus(<1%).
Herbaceous taxa consisted of Poacea€lBP4), Cyperaceae (~2%Ambrosiatype (24%), and
ChenopodiuAmaranthugype (23%) species. There were very minor amounts of members of
the Asteraceae familyAftemisial-2%, Ligulifloraetype G1 %, and Tubufloraetype 01%).
Isoeteswvas the only aquatic pollen type present in this zone and was only present in the lowermost
sample. BotlSphagnun{4-6%) andPleurozium(13-18%) spores were present within this zone.
Pollen concentration varied between 26,7002%800 grains/cc of peat.

A total of four charcoal samples were analyzed from this zone. CHAR varied between 3 and 16
pieces/crifyear for the 250 pum size fraction, and 10 to 26 piec&éyear for the 125 pum size
fraction.

4.5.1.2 Zone E@I (23-50 cm;-47 to-28 cal yr BP; 20011980 AD)

This is the largest zone within the core and was comprised of nine pollen samples. This zone stands
out from the other pollen zones by having the highest percentagdisius rubra(22-36%),
Pseudotsugd8-18%), Tsuga leterophylla (1-6%), Sphagnum(0-13%), Pleurozium (1-60%;

which varied greatly throughout this zone), &tdridium(0-4%). This was the only zone within

the core that shows the presenc€ofylusat this site. The remainder of the arboreal component

of the ecosystem consistedRihus(1-6%), Picea(2-4%), Abies(0-3%), Cupressaceae (PA%),

Acer (1-2%), Betula (0-2%), Quercus(0-1%), Salix (0-1%), Populus(0-3%), and Ericaceae {5

12%). Poaceae {87%) dominated the herbaceous taxa and increased towartigptof the core.
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Cyperaceae (4%), members of the Asteraceae familymbrosiatype 12 %, Artemisia0-1%,
Liguliflorae-type 02%, and Tubulifloragype 01%), andChenopodiufAmaranthusype (05%)
comprised the remainder of the herbaceous taxa presgtmnh this zone. Potamogetonaceae
(<1%), Typha(<1%), Isoetes (<1%)Rolystichum(<1%), andDryopteris (<1%) were present
within this zone, but only in minor abundanc&atryococcug5-6%) is another aquatic taxa
present in this zone and increased iuralance near the top of this core section. Pollen
concentration was the lowest in this section of the core, varying between 28,700 and 47,200
grains/cc.

Twenty-seven charcoal samples were analyzed from this zone. In the 250 um size fraction, CHAR
ranged fom O to 11 pieces/ctyear, and 0 to 33 pieces/éyear for the 125 um size fraction.

4.5.1.3 Zone EdIl (5-23 cm;-60 to-47 cal yr BP; 2012001 AD)

This zone consists of six pollen samples and had the highest percentage of Poa2&¥s).(This
zore can be distinguished from other zones by a decred@deus rubra(19-30%) and an increase
in both Cyperaceae {8%) andChenopodiurAmaranthugype (27%) taxa. The remainder of the
arboreal taxa consisted Binus(3-6%), Tsuga heterophyllél-3%), Picea(1-6%), Abies(1-3%),
Pseudotsugéb-11%), Cupressaceae (28%),Acer(0-1%), Betula(1-2%), Quercug~1%),Salix
(1-3%), Populus(1-3%), and Ericaceae {40%). Members of the Asteraceae famiymbrosia
type :3%, Ligulifloraetype <1%, and Tubulifl@etype 12%) comprised the remainder of the
understory taxa. Aquatic taxa including Potamogetonacedeoj1Typha(0-1%), Botryococcus
(4-11%), andsoeteg0-3%) increased in abundance in this sect®8phagnunf0-1%),Pleurozium
(0-3%), andPteridium (<1%) all decreased in abundance in this zone. Pollen concentration
increased throughout this portion of the core, varying between 42,900 and 62,700 grains/cc.

Eighteen charcoal samples were analyzed within this zone. CHAR ranged from 0 to 19
pieces/crilyear in the 250 um size fraction. For the 125 pm size fraction, CHAR varied from 1 to
67 pieces/crlyear with the highest accumulation rate occurring at 19 cm.

4.5.1.4 Zone EQV (0-5 cm;-63 t0-60 cal yr BP; 2012015 AD)

The uppermost zone in this carensisted of three pollen samples. High percentagdsuda
heterophylla(4-7%), Abies(2-5%), Pseudotsug411-17%), Poaceae (120%), and Cyperaceae
(9-10%) distinguished this zoninus(5-7%), Cupressaceae-®%),Alnus rubra(13-21%), and
Ericaceag2-9%) comprised the majority of arboreal taxa within this zone, along with minor
percentages olPicea (1-2%), Acer (1-2%), Betula (<1%), Quercus(<1%), Salix (1-2%), and
Populus (0-2%). The herbaceous taxa present included members of the Asteraceae famil
(Ambrosiatype ~1% and Tubulifloragype 12%) andChenopodiufAmaranthugype (1:3%).
Aquatic taxa present during this time include Potamogetonaceae (<hbha (0-1%),
Botryococcus(1-5%), and Isoetes (0-2%). Within this zone, botlSphagnum(2-3%) and
Pleurozium(2-4%) were present. Pollen concentrations were highest (68,200 grains/cc) in this
portion of the core, with a drop in concentration in the uppermost sample (40,500 grains/cc).

A total of six charcoal samples comprise the uppermost zone gotke. CHAR varied between 0
and 6 pieces/cffyear for the 250 um size fraction and 4 to 14 piecedjear for the 125 pm size
fraction.
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4.5.2 Kings Lake (KL) Pollen Analysis
Results are discussed relative to different depth zones, starting witheppest Figure67). Age,
pollen type, pollen concentration, and charcoal concentration are shé&iguie67.

4.5.2.1 Zone KH (4563 cm;-24 to-8 cal yr BP; 19751959 AD)

The lowest zone in this core consists of six pollen sampsgya heterophyllé7-27%) occurred

in the highest abundance at the base of the peat core and decreased towards the top of this zone.
Alnus rubra(20-51%) increased dramatically from the baséhe top of this zone. The remainder

of the arboreal taxa present in this ecosystem inclirieds (4-11%), Picea (2-6%), Abies(1-

4%), Pseudotsugd3-8%), Cupressaceae-{.%), Betula (0-1%), Corylus (0-1%), Populus(0-

1%), and Ericaceae {63%). Poacea(49%) and Cyperaceae-820) are the major components

of the understory taxa within this zone. Minor herbaceous components within this zone included
members of the Asteraceae famiRnfbrosiatype G1%, Artemisia0-2%, and Tubulifloragype

0-1%) andChenopodiumtAmaranthusype (0-3%). Typha(the only aquatic pollen or spore within

this core) was present near the middle of this zone (52 $pmMagnun{0-6%) occurred at its
highest abundance at the base of this zone, tdarozium(2%) was only preserat 55 cm.
Pteridium (0-7%) occurred at its highest abundance at the top of this section Dvigibpteris

(<1%) was very low in abundance, only occurring near the base and top of this section. Pollen
concentration was the highest within this zone and isexskdramatically from the base to the top,
varying between 20,300 and 135,000 grains/cc of peat.

A total of 17 charcoal samples were analyzed from this zone, which has the highest charcoal
abundance compared to the rest of the Kings Lake core. The hZHAR values (for both size
fractions) were located near the middle of this zone5@®0m). CHAR varied between 0 and 105
pieces/crifyear for the 250 um size fraction and 3 to 926 piecedyaar for the 125 um size
fraction.

4.5.2.2 Zone KHI (23-45 an; -43 to-24 cal yr BP; 1991975 AD)

This is the largest zone within the core and consisted of eight pollen samples. This zone stands out
from the other pollen zones due to high amoun@sliofis rubra(31-47%), Cupressaceae-{6%),

and Poaceae {B2%), and low abundance of Ericaceae9%). Pinus (7-14%), Picea (1-5%),
Abies(1-4%), Pseudotsug#6-11%), Betula(<1%), Salix (<1%), andPopulus(0-1%) constituted

the remainder of the arboreal taxa present within this zone. The herbaceous taxa witbimethis z
included members of the Asteraceae familynprosiatype 62%, Artemisia0-1%, Liguliflorae

type 01%, and Tubulifloragype 01%) andChenopodiufAmaranthustype (34%). This is the

only Kings Lake core zone with Saxifragaceae preSpitagnun(0-1%)is the only moss present

and occurred only in the upper half of this section. Ba#ridium(0-4%) andDryopteris(0-3%)

were present throughout this zone. Pollen concentration has an overall decreasing trend throughout
this zone, varying from between,280 grains/cc and 84,500 grains/cc.

Twentytwo charcoal samples were analyzed from this zone. Samples show a low CHAR in this
section of the core. CHAR ranged between 0 and 8 piec#géan for the 250 um size fraction
and 0 to 20 pieces/cfyear for the 125 pum size fraction.

4.5.2.3 Zone KHII (10-23 cm;-54 to-43 cal yr BP; 2009997 AD)
This zone is comprised of four pollen samples with the highest percentaBesis{11-15%),
Tsuga heterophyllg14-16%), andPseudotsugd9-17%), and the lowegtercentages oflnus
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rubra (19-28%). The remainder of the arboreal taxa consisteliada (3-4%), Abies (2-4%),
Cupressaceae-{I7'1%), and Ericaceae-2%) with minor amounts detula(1-2%), Quercug0-

2%), Corylus(0-1%), Salix (~1%), andPopulus(~1%). The herbaceous component of this zone
contained minor amounts of Cyperacea®&¥s), members of the Asteraceae famiynprosia

type <1%, Artemisia <1%, Ligulifioraetype 01%, and Tubulifloragype <1%), and
ChenopodiufAmaranthugsype (01%). Both Sphagnum (0-2%) andPleurozium(0-1%) were
found throughout this section in relatively low percenta@egopteris(1-2%) was also present
throughout this zone whileteridium (0-4%) was only present in the lower half of this zone.
Overall, the pollen concemttion of this zone was low, varying from 19,300 grains/cc to 30,700
grains/cc.

A total of twelve charcoal samples were analyzed within this zone. CHAR continued to remain
low in this zone of the core, with the 250 pum size fraction ranging from 0 to 8spoed/year,
and 1 to 13 pieces/cfyear for the 125 um size fraction.

4.5.2.4 Zone KHV (0-10 cm;-63 to-54 cal yr BP; 2012009 AD)

The uppermost zone in this core consisted of five pollen samples. This zone is distinguished from
other Kings Lake ziwes by high percentages of Ericacea®{%o) and relatively low percentages

of Pinus(4-8%). BothPicea(2-7%) andAbies(2-7%) occurred in higher percentages within this
zone relative to the rest of the core. The remainder of the arboreal taxa incugadheterophylla
(7-11%), Pseudotsugd5-12%), Cupressaceae-183%), Alnus rubra(16-36%), Betula (0-1%),
Corylus(0-1%), Salix(0-1%), andPopulus(0-1%). The majority of the herbaceous taxa consisted

of Poaceae (A1%) and Cyperaceae-{2%). The remainel of the understory was comprised of
members of the Asteraceae famiRnibrosiatype 61%, Artemisia0-1%, and Tubulifloragype

0-1%) andChenopodiutAmaranthugsype (61%). BothSphagnun{0-2%) andPleurozium(1-

2%) were present in this section of thereg butSphagnunmwas absent in the two uppermost
samplesPteridium (0-2%), Polystichum(0-1%), andDryopteris (0-1%) were present with low
abundances. Pollen concentrations within this zone were slightly higher than in the previous zone
(Zone KL-111), varying between 23,100 grains/cc and 42,700 grains/cc.

Eleven charcoal samples were taken from the uppermost zone in the core and both size fractions
had low CHAR. CHAR varied between 0 and 2 piece$imar for the 250 pm size fraction and
0 to 5 pieces/chifyear for the 125 um size fraction.

4.5.3 Shadow Lake (SL) Pollen Analysis
Results are discussed relative to different depth zones, starting with the degpes6g). Age,
pollen type, pollen concentratioand charcoal concentration are showFkigure68.

4.5.3.1 Zone Sl (66-96 cm;-18 to 110 cal yr BP; 1924833 AD)

The lowest zone of this core is composed of eleven pollen samples. This zone is distinguished b
having the highest percentages of Cupressacea&3%), Poaceae {59%),Sphagnun{0-26%),

and Pteridium (1-64%), and the lowest percentages of bBthus (1-6%) andAlnus rubra(7-

44%). BothSphagnunandPteridiumpeaked near the middle of this zonB (8n and 88 cm). The
percentage oAlnus rubraincreased from the bottom to the top of this zone. The remainder of the
arboreal taxa mainly consisted Bfuga heterophyllgs-21%), Picea(1-8%), Abies(1-4%), and
Pseudotsug&7-17%) with minor amounts detula (0-1%), Salix (0-1%), Populus(0-2%), and
Ericaceae (2%).Acer, Corylus Rosaceae, and Berberidaceae were all present within this section.
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Herbaceous taxa within this zone were comprised of Cyperacebd@¥4B8 members of the
Asteraceae family Ambrosiatype 01%, Artemisia 0-2%, Ligulifloraetype <1%, and
Tubulifloraetype <1%), andChenopodiufAmaranthugype (31%). Both Polygonaceae and
Saxifragaceae were present in this zone. The aquatic taxa present in this zone corsottzsof
Pediastrum andBotryococcug0-4%). Polystichumwas present near the top of this zone, while
Dryopteris(0-2%) was present in the lower tvtloirds of this zone. Pollen concentration varied
from 23,300 grains/cc to 98,800 grains/cc.

A total of 31 charcoal samples weanalyzed from this zone and both size fractions had their
lowest CHAR of the core. CHAR varied between 32 and 7880 piec@géanfor the 250 pum size
fraction and 2 to 85 pieces/étyear for the 125 pum size fraction.

4.5.3.2 Zone Sl (30-66 cm;-46t0-18 cal yr BP; 197-1924 AD)

This zone consists of twelve pollen samples and had the highest percentabpes etibra(55
71%). Tsuga heterophylld2-15%) increased from the bottom to the top of this zone, while
Cupressaceae{#2%) decreaseRinus(2-8%), Picea(0-3%), Abies(0-2%), Pseudotsugé?-8%),
Betula(0-1%), Salix (0-1%), Populus(0-1%), and Ericaceae {4%) comprised the remainder of
the arboreal taxacer, Corylus and Rosaceae pollen grains were present in this zone, but in very
low amounts (42 pollen grains). The herbaceous taxa were comprised of Poacé&ég),(1
Cyperaceae (41%), members of the Asteraceae famiymprosiatype 01%, Artemisia0-1%,
Liguliflorae-type 01%, and Tubulifloragype G1%), andChenopodiuAmaranthusype (0-

1%). TyphaandIsoeteswere the only two aquatic taxa present within this z&heurozium(0-

2%) was present in the top tvtleirds of this section anBryopteris (0-1%) was present in the
uppermost sample in this zone. Pollen concentration varietlygtieeughout the zone (35,300
grains/cc to 167,900 grains/cc), with the peak occurring near the middle of the section (46 cm).

Thirty-six pollen samples were analyzed in this section. The highest CHAR for both size fractions
occurred near the base, Ween 56 and 65 cm (250 um size fraction: 6960 and 965,000
pieces/crifyear; 125 um size fraction: 48 to 1290 pieceg/gaar). For both size fractions, CHAR
decreased above 55 cm ranging between 570 and 19,800 pietgs#crior the 250 pm size
fraction aml 13 to 182 pieces/cityear for the 125 pum size fraction.

4.5.3.3 Zone Silll (0-30 cm;-63 to-46 cal yr BP; 2019977 AD)

The uppermost zone of the Shadow Lake core consisted of 12 pollen samples. This zone had the
highest percentages t§uga heterdpylla (9-24%) within the Shadow Lake peat core. BBthus
(4-14%) andPseudotsug#3-18%) showed increasing trends in pollen percentages from the base
of the zone towards the top, whidnus rubra(24-60%) percentages decrease towards the top of
this zore. The remainder of the arboreal taxa in this section inclBaesh (1-4%), Abies(1-4%),
Betula (0-2%), Quercus(0-1%), Salix (0-1%), Populus (0-2%), and Ericaceae {&0). Acer,
Corylus and Rosaceae were minor components of the arboreal taxa. Herbtaenwsere
comprised of Poaceae-{P6), Cyperaceae {4%), members of the Asteraceae familynbrosia

type <1%, Artemisia 0-2%, Ligulifloraetype 01%, and Tubulifloragype <1%), and
ChenopodiufAmaranthugsype (62%). Onagraceae and Saxifragaceae wea @esent in this
section of the core. The only aquatic taxon presentRedgastrumwhich occurs near the base of
this zone (27 cm)Pleurozium(0-3%) was the only moss spore present within this zone. Both
Polystichumand Dryopteris (0-1%) were presenthroughout most of this section. Pollen
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concentrations are low overall when compared to the rest of the core, only varying from 12,300
grains/cc to 42,700 grains/cc.

A total of 30 charcoal samples were analyzed from this zone. CHAR continues to dethedke i

size fractions. The 250 pm size fraction, CHAR ranges between 25 and 10,880 pi&geafcm
and 5 to 75 pieces/cfyear for the 125 um size fraction.
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Figure 66. Pollen record from Evans Creek showing the relative aburehce (% of total pollen), pollen concentration
(grains/cc), CHAR (pieces/cm2/year for the 250 um and 125 um size fractions), and CONISS (constrained incremental sum of
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CHAR (pieces/cm2/year for the 250 um and 125 pm size fractions), and CONISS (constrained incremental sum of squares
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Figure 68. Pollen record from Shadow Lake showing the relative abundance (% of total pollen), pollen concentration
(grains/cc), CHAR (pieces/cm2/year for the 250 pm and 125 pnzs fractions), and CONISS (constrained incremental sum of
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5.0 DiscussION

5.1 BioTICc AND ABIOTIC PATTERNS OF PUGET LOWLAND SPHAGNUM-DOMINATED PEATLANDS

5.1.1 Hydrology and Water Chemistry Patterns

The hydrologic and chemical regimesSghagnurrdominated peatlands and adjacent laggs vary
with topography, climateand land use within watersheds of the Puget Lowlands. Seasonal
hydrological patterns were similar between peatland centers and laggs with the highest water tables
during the winter rainy season and dropping to the lowest levels mtanldtesummer. Ts
suggests that our study sites are primarily supported by precipitation and/or local, shallow
groundwater or surface water tied to seasonal precipitation.

The positive relationships between water levels and watershed area in both peatland centers and
laggs indicate that shallow water tables are not maintained solely by direct precipitation. At the
monthly timescale, watershed area was the strongest predictor of water levels in laggs and was a
secondary driver in peatland centers, and these effects wengest during the summer dry
season, particularly in August. Watershed area was also positively related to porewater chloride
concentrations in peatland centers during spring and late susugggestinghatslower drainage
processes such as shallow grdwater flow are important water sources that limit seasonal water
level declinesluring the summer dry monthBecause the Puget Lowlands is a landscape of rolling

hills and low plateaus composed of predominantly coarse unconsolidated glacial deposits,
groundwater flow directions in both surficial local and deeper regional aquifers follow major
topographic features (Vaccaro et al. 1998, Jones 1999). These topographic controls on surficial
aquifer boundaries and flow directions explain the connection betwater levels and watershed

area, particularly during the summer dry season, when runoff is minimal.

We found an unexpected negative relationship between mean annual precipitation and monthly
water levels in peatland centers and laggs, particularly giuhie winter rainy season. The
mechanisms underlying this relationship are unclear since water level variations in both settings
closely correspond to the strong seasonality of precipitation in this region. One explanation could
be that the study sites lated in Mason County have the highest mean annual precipitation totals
but also very small watersheds. These sites also have little impervious surface area around them.
The counterintuitive results could also reflect unmeasured variables that are abmelatean

annual precipitation. For example, greater soil and vegetation development associated with
increasing mean annual precipitation could result in higher precipitation losses to infiltration,
canopy interception, and evapotranspiration in uplanaisare

Porewater chemistry was distinct between peatland centers and laggs, highlighting the
hydrological and ecological zonation in the peatlands (Howie and van Meerveld 2011, 2012, 2013,
Howie et al. 2016). Laggs had higher pH and ionic concentrationp#aiand centers, which is

expected given that laggs typically receive water from peatland centers and adjacent upland or
wetlands (Gorham 1953, Damman and French 1987, Golinski 2004, Howie and van Meerveld
2011, Langlois et al. 2015). Similar patternsrev@bserved with Mean E&:, which was
significantly | ower in peatland centers than
summer (47.2 €S/ cm vs 136 €S/ cm). Al most all s
and cations were significagtlower in peatland centers than laggs. Lower ion concentrations in
peatland centers compared to laggs is characteristic of ombrotrophic bogs, especially those with

128



laggs that are confined by adjacent topography, which was the case for all of the stu@yrain

1992; Golinski 2004, Howie and van Meerveld 2011, Howie and van Meerveld 2013, Langlois et
al. 2015). The observed increases in ionic concentrations asd tBdughout the dry summer
periods in both peatland centers and laggs could be duaporative enrichment, highlighting

the importance of considering seasonality when characterizing hydrochemistry in these
ecosystems.

5.1.2 Vegetation Patterns

Total vascular plant species richness across all study sites and wetland positions was 1i$1 which
similar to what Golinski (2004) found (105 species) in a study of 14 disturbed and intact
Sphagnurdominated peatlands on the eastern side of Vancouver Island. Unsurprisingly, species
richness was nearly three times higher in laggs, across all sitgsa to peatland centers. Due

to higher pH, increased nutrient availability, and more dynamic water levels within and across
sites, laggs typically support a wider range of species (Howie and Meerveld, 2012, 2013; Howie
et al. 2016). However, when compey mean plot richness, relationships were more variable and
the inverse was often true (the peatland center had higher richness than the lagg). Laggs supported
78 species not found in peatland centers while 9 species were limited to peatland centers,
highlighting the ecological distinction of laggs from peatland centers (Howie et al. 2016).

Peatland centers and laggs also exhibited characteristic differences in the abundance of various
growth forms, withSphagnumericaceous shrubs, and stunted trees datinig peatland centers

and forbs, graminoids, and deciduous shrubs dominating the more minerotrophic laggs. Similar
species distributions have been documented in Crowberry Bog on the Olympic peninsula (Rocchio
et al. 2021) an&phagnurdominated peatlands southwest British Columbia (Hebda and Biggs
1981; Golinski 2004; and Howie et al. 2016).

Tree distribution across structural classes in peatland centers suggests the distribution of tree height
is conspicuously skewed toward short (presumably youegstin Puget Lowlan8phagnum
dominated peatlands. This is consistent with the document&dc@@ury increase in tree
occurrences isphagnurdominated peatlands throughout the region (Zong and Shaw 2019), and
could be a result of recent tree encroachintkie to land use stressors, climate change, and/or
successional dynamics. For example, increased tree cover has been shown to occur in regional
Sphagnundominated peatlands following disturbance, especially drainage (Golinski, 2004,
Hebda and Biggs 1981However, the abundance of trees in coastal peatlands of western North
America has been noted as a distinguishing characteristic from coastal peatlands of Atlantic
Europe (Sjors, 1983; Bisbing et al., 201Bnhother explanation is that there persisterghhi
mortality of tree seedings and saplings over the-leng.

5.2 ARE PUGET LOWLAND SPHAGNUM-DOMINATED PEATLANDS OMBROTROPHIC?

Multiple lines of evidence were investigated to determine whether the study sites exhibited
ombrotrophic conditions: topographyegetation, hydrology, and porewater chemistry (Malmer et

al. 1992, Sjors and Gunnarsson 2002, Tahvanainen 2004, McHaffie et al. 2009, Proctor et al. 2009,
Joosten et al. 2017b). No study site had clear ombrotrophic indicators for all measures, in all
saasons. Given the variability of hydrological measures and lack of agreement with some of the
chemical indicators of ombrotrophic conditions, we considered the preponderance of available
evidence to identify the ombrotrophic status of each peatland. Hgiraland water chemistry
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indicators of each peatland were summarized as (1) predominantly ombrotrophic, (2) not
ombrotrophic, or (3) inconclusive (Table 56).

5.2.1 Topography, Ecological Zonation and Vegetation

Peatland surfaces raised above the laggige topographic evidence of ombrotrophic conditions,
since neasurface groundwater would likely be derived from meteoric sources in those elevated
areas. Only three sites were raised more than 50 cm and about 30% of the sites were raised less
than 10 s above their laggs. Ombrotrophic conditions are not limited to raised bogs and can be
found in flat sites where the ombrotrophic peat in the center extends below the mineral soil water
limit in the laggs (Damman 1978, Damman 1986). For example, despjtbaing raised 50 cm

above its lagg, a plateau bog in Sweden had ombrotrophic conditions (as determined by very low
Ca&* concentrations (< 1.6 mg/L)) to a depth of at least 3 m, where minerotrophic water was first
detected (Damman 1978). Over time, thatigal change in surface position during bog
development can result in ombrotrophic peat occurring below the mineral soil water limit in
contemporary laggs (Damman 1978). Our dataset did not allow us to examine this potential
scenario in our study sitessAuch, topography alone was not a strong indicator of ombrotrophic
conditions at the study sites.

A common characteristic of ombrotrophic bogs is the presence of a lagg around its perimeter
(Howie and van Meerveld 2011). Laggs were present at all sttedyard have more generally

been recognized as characteristically occurring around Puget Low8phagnurdominated
peatlands (Rigg 1925, Osvald 1933; Rigg 1958, Kulzer et al. 2001). Study site laggs had
hydrological, chemical, and floristic differencasrh peatland centers. The presence of a lagg
suggests there is enough convexity, or at least lateral drainage from the peatland center toward the
edge, as well as drainage from adjacent areas, to produce a characteristic mixing zone. Vegetation
differencesbetween the peatland centers and laggs of the study sites were strongly reflective of
distinct hydrological and chemical differences between the two zones. Species tolerant of acidic,
nutrient poor conditions such as ericaceous shrubsSphdgnunspp. daninated the peatland
centers, while species more commonly found in regional fens, swamps, and marshes dominated
the laggs (Golinski 2004, Hebda et al. 2000, Howie and van Meerveld 2011, 2012, 2013, and
Rocchio et al. 2021). AlthougBphagnunspecies were at collected as part of this project,
herbarium records (CNABH 2022), reports from other researchers (Kulzer et al. 2001; Rocchio et
al . 2021) , and the pr i m8phagnhuma capilifadiumS.duscarasde r v at |
S. rubellumare the primaryand dominant hummock formers in Puget Lowlgghagnum
dominated peatlands. Those species are typically absent in laggs, where species tolerant of more
minerotrophic conditions such &phagnum henryens®. palustreS. pacificumS. miyabeanum

S. mendoinum S. teresand others are likely to be more abundant. Study site laggs have more
deciduous shrubs, fewer evergreen shrubs, and muc8pbsgnuntover compared to peatland
centers. While these differences are not necessarily an indicator of ombiotopditions, they

clearly speak to a distinct ecological difference and indicate that the peatland centers are much
more acidic and ioipoor than the laggs, which are more affected by local groundwater, surface
water, and overland flow. Minimally, veggton zonation suggests that peatland centers are less
affected by these water sources and that precipitation is a primary water source.

5.2.2 Water Sources and Water Flow
Elevations of well nests in peatland centers and laggs were surveyed at 8 ofstbdyl3ites.
Water level data showed that five of these sites (Cranberry Marsh 2, Echo Falls, Evans Creek,
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Kings Lake, and Queens Bog) had water tables in peatland centers that were slightly elevated
above those in their laggs. This suggests that lageoaindwater flowed from peatland centers
toward laggd a characteristic of ombrotrophic bogs (Damman 1986, Damman and French 1987,
Howie and van Meerveld 2011; Rocchio et al. 2021). Two sites, Arrowhead and Cranberry Marsh
4, had equal or higher water tabla the laggs relative to peatland centers, suggesting lateral flow
from the laggs into the peatland centers. Other explanations could be (1) that underlying substrate
in the peatland center is more permeable than found in the lagg, thus the peatlandscent
functioning as a drain; (2) conductivity of the peat in the lagg is lower than the peatland center,
thus water flow between the two zones is slow and water remains in the lagg for longer periods;
or (3) clogging of well slots in the fingrained mineal substrate of the laggs resulted in residual
water ponding on the bottom of some wells. Howie and van Meerveld (2013) found that water
levels in bogs of southwest British Columbia decreased from the bog center toward the lagg, but a
few sites showed ainverse relationship. They described these sites as either not being
ombrotrophic or as potentially experiencing flow reversals, in which precipitation results in
downward and lateral flow during the rainy season, but munetalwater is able to flow iotthe

peatland center during the dry season. Additional measures along the transect from peatland center
to lagg are needed at Arrowhead and Cranberry Marsh 4 to understand water flow patterns at those
sites. Lateral flow dynamics could not be determineithe nine sites that were not surveyed for
elevation.

Piezometer data indicated that vertical flow directions were highly variable in peatland centers.
Shallow water tables maintained solely by the infiltration of meteoric waters would likely produce

a regative (downward) VHG while a strong positive (upward) VHG would indicate upwelling
groundwater, as occurs in portions of fens. Arrowhead, Cranberry Marsh 4, Evans Creek, Queens
Bog, and Patterson had a negative VHG during spring and summer, indicatingatd flow
throughout the year. Arrowhead and Cranberry Marsh 4 wells were dry in summer, indicating a
lack of groundwater inputs during the dry season. Shadow Lake had a negative VHG during
summer months, indicating that groundwater discharge did nat at¢he top 1 m of the peat
profile during summer months. Echo Falls also had downward flow during the dry summer season
but stormwater discharge from an outfall on the peatland margin appeared to cause upwelling
during the rainy season. This site mayaibeexample of the impacts of contemporary stormwater
inputs on the hydrological regime of the site. Groundwater appears to be a predominant water
source at Covington 12, which had upwelling water during summer months, although precipitation
during wintermonths moderated groundwater inputs. Springer Lake showed downward flow
during the rainy season and upward flow during summer. VHGs for the remaining study sites did
not show strong indicators of upward or downward movement.-dN&arseasonal VHGs may
reflect the dominance of lateral water redistribution within the wetland between rainfall events,
lateral flow through the wetland complex, or ponded conditions. Vertical and lateral flow dynamics
in such sites could be clarified in the future with transettgiezometer nests spanning from
peatland center to the lagg, rather than one nest in each position. Peat deposits are highly
anisotropic, with hydraulic conductivity and groundwater flow velocity decreasing with depth due
to the greater density and lowgorosity in deeper peat (Beckwith et al. 2003, Rydin and Jeglum
2013, Siegel and Glaser 2006). This is consistent with the very small VHG values observed in
deeper (10200 cm) peat horizons at our sites. Extremely low hydraulic conductivity in deeper
ped can impede downward flow and force the redistribution of water horizontally within the upper
fibric peat horizons (Beckwith et al. 2003). The seasonal occurrence of upward VHGs at shallow
depths in four of our study peatlands may have resulted fromizedalipwelling of lateral
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groundwater movement within the fibric peat, or lateral groundwater inputs from adjacent surficial
aquifers. Seasonal groundwater discharge has been documented in ombrotrophic peatlands and
may be critical for stabilizing groundater in regions with strong, seasonal precipitation (Siegel

and Glaser 1987, Glaser et al. 1997; Rocchio et al. 2021). Our analyses demonstrated that
porewater chemistry is not strongly related to VHGs, highlighting the challenges of determining
wetland waer sources based on hydraulic gradients alone. Additional data, such as stable isotope
analysis (Keimowitz et al. 2013), could help to clarify water sources.

5.2.3 Water Chemistry

Porewater pH, E&rr, and ion concentrations in the study peatland cemters similar to values
reported for ombrotrophic peatlands in other parts of the Northern Hemisphere (Damman 1986;
Wheeler and Proctor 2000, Golinski 2004; Bourbonniere 2009, Howie and van Meerveld 2012).
Similarities between precipitation and porewategralstry of peatlands has been shown to be a
strong indicator of ombrotrophic conditions (Damman, 1986; Glaser et al., 1997; Ingram, 1983;
Proctor et al., 2009; Siegel and Glaser, 1987). All study sites had pH aBa EGor values much

closer to local gecipitation values than groundwater values, suggesting that even if the sites are
not solely ombrotrophic, all are predominantly supported by precipitation.

The majority of study sites (64%) were belpW of < 4.2 in spring, which is @eemmonly used
threshold for bog, but only 24% met the threshold in summer (Sj6rs 1950; Gorham 1957, Glaser

et al. 1981, Glaser et al. 1990, Sj6rs and Gunnarsson 2002, Tahvanainen 2004, Proctor et al. 2009,
Joosten et al. 2017b). Mean pH at four sites (Arrowhead, Kings, Uakee Dorothy, and
Trossachs) exceeded 4.2, but were less than 4.5 in summer, the ombrotrophic threshold used by
Malmer et al. (1992) for coastal bogs in British Columbia and continental bogs in Alberta. The pH

in Lower Cedar and Shadow Lake was > 4.%fath seasons, suggesting those sites are supported

by minerotrophic groundwater and/or that stormwater inputs contribute mirerakater and

alter the acidity of these sites. Ombrotrophic bogs in the Fraser River lowlands of southwest British
Columbiawere reported to have pH < 4.2, while bogs on the western coast of Vancouver Island
have been reported as generally being < 4.5 (Howie and van Meerveld 2012, 2013) and
southeastern Alaska (Bisbing et 2015. Crowberry Bog, the only known raised, ombrotrophic

bog in the western conterminous United States, has pH values in the peatland center between ~ 4.2
and 4.5, with the relatively high values attributedproximity to the open ocean, which may
contribute salt to local precipitation (Rocchio et al. 2021). Martimfleenced ombrotrophic bogs

in Sweden have pH up to 4.8, attributed to higher2?*Mgoncentrations (Sjérs and
Gunnarssor2002. Raised oceanic bogs in Newfoundland have pH ranging from 4.1 to 4.5, with
relatively high Mg* concentrations (Glaset992).

The majority of electric conductivity measures for study sites exceeded conductiViiyab

precipitation, but wer e roffo6al geoGntveater. Aarowheady e | | b
Cranberry Marsh 2, Kings Lake Bog, Queens Bog, and Springer Lake had mgaudhifes that
met the Vitt et al . (1994 BurnsBog, aearfVancodivergBritiskk 3 9 ¢

Columbia,EGorv a1l ues have been reported from 35 to 7(
Other bogs in the Fraser River lowlands and southeastern Vancouver Island have ranges from 24
to 30 €S/ cm es andi 88ButbedO8i €S/ cm in disturhb

Because C4 concentrations are extremely low in precipitatior?*@ancentrations <2.5 mg/L or
Ca:Mg<1.0 have been used to indicate ombrotrophic conditions (Malmer et al. 1992, Sjérs and
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Gunnarson 2002, Tahvanainen 2004; McHaffie et al. 2009, Proctor et al. 2009, Joosten et al.
2017b). Heinselman (1970) considered'@ancentration to be the best indicator of ombrotrophic
conditions and found concentrations of 0288 mg/L in Minnesota ombnaiphic bogs. Most sites

in this study (71%) had porewater®aoncentrations < 2.0 mg/L in both seasons, suggesting they
are ombrotrophic. Three sites exceeded this value during the spring (Covington 8, Patterson Creek,
and Wetland 14), suggesting thabgndwater flow reaches the upper peat layers at this time and/or
that stormwater flows are affecting porewater chemistry. Shadow Lake exceeded 2.0 mg/L in both
seasons. Very low Gaconcentrations (i.e., 0.1 to 0.8 mg/L) were observed at Crowberry Bog, a
raised plateau bog on the western Olympic peninsula (Rocchio et al. 2021). Calcium
concentrations in ombrotrophic bogs in southwest British Columbia have been reported between
0.4 to 2.8 mg/L (Golinski 2004; Howie and van Meerveld). Malmer et al. (19@&jifthat calcium
concentrations range from < 1 mg/L to 2.5 mg/L in bogs in western Canada while Vitt et al. (1994)
found even lower concentrations (< 1 mg/L) in the same region. In a review of 65 raised bogs in
eastern North America, Glaser (1992) dematstt that 97% of those sites had?Ca
concentrations < 2.0 mg/L.

Proctor et al. (2009) suggested that mol ar Cé
(with C&* concentrations aroundrig/L) and similar to the ratim local precipitatiorwhich can
regionally vary. A more useful threshold may be whetheréste Ca: Mg i s equal to

Ca:Mg in local precipitation (Vitt et al. 1994; Proctor et al. 2009). Despite our study sites occurring

in a coastal landscape, Ca:Mg of local precipitation is near 1.0 and thus should be a sensitive
indicator of ombrotphic conditions in our study sites. The molar Ca:Mg at 35% of the study sites

(6 sites) exceeded 1.0 in spring months and 76% (11) of the study sites exceeded 1.0 in summer
months. However, during spring months, four of the six sites that exceeded Ga:Mdad C&
concentrations < 2 mg/L. Conversely, two of the 11 sites that were below Ca:Mg of 1.02had Ca
concentrations > 2 mg/L. One of those sites (Patterson) had hf§bd@aentration (7.57 mg/L)

and high Md@* concentration (5.35. mg/L). Durirsymmer months, 7 of the 11 sites that exceeded
Ca:Mg of 1.0 also had &aconcentrations < 2 mg/L. Proctor et al. (2009) acknowledged that a

Ca: Mg of 1 was fAno more than an initial infor
be to assess the ttiution of Ca:Mg from various local sites where ombrotrophic conditions can

be assumed. In other words, molar Ca:Mg in peatland waters needs to be regionally calibrated with
concentrations in local precipitation and ombrotrophic peatlands (Sjors andr@smm 2002,

Howie and van Meerveld 2011). Unfortunately, there is only one known raised bog in Washington

St at e, and ombr ot r ophi c Sghagnuddorminated peatlandsnnéthte b e ¢
region. Similar to the findings of Howie and van Meerv@d12), Ca:Mg was concluded to not

be a useful indicator of ombrotrophic conditions for the study sites and was not used to discern
ombrotrophic status (Table 56).

5.2.4 Summary of Ombrotrophic Conditions

Lateral and vertical hydraulic gradients reflectariation in potential water sources among sites.
Seasonal water level declines at sites in former kettle ponds are probably limited by either
immobile water within the depressions or lateral groundwater fluxes through the depressions,
while those on thenargins of larger lakes are clearly influenced by surface and subsurface
watershed contributions. Porewater chemistry in the Puget Sound peatlands was generally
consistent with that of ombrotrophic peatlands in other regions. Based on the preponderance of
evidence outlined above, 35% (six) of the study sites were concluded to be ombrotrophic, 53% of
the study sites (nine) were deemed inconclusive, and 12% (two) were concluded to not be
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ombrotrophic (Table 56). Arrowhead Bog, Cranberry Marsh #4, Evans Crimlkven Bog,

Patterson Creek, and Queens Bog predominantly showed ombrotrophic indicators. Evans Creek
and Queens Bog were the only two study sites that met all ombrotrophic indicators in all seasons.
Interestingly, both of these sites have experienceectdimpacts to the peatland cedtgreat

mi ni ng at Evans Creek in the 19306s (Rdgg 195
and both are also surrounded by housing developments.

The ombrotrophic status of Covington 8, Covington 12, CranberryiVi2sEcho Falls, Kings

Lake, Lake Dorothy, Springer Lake, Trossachs, and Wetland 14 had conflicting indicators and
were deemed inconclusive. Despite Echo Falls having chemical signatures of ombrotrophic
conditions, there was evidence of groundwater upngetiuring the rainy season that appears to

be associated with known stormwater inputs into the basin. The site had downward flow during
the dry, summer season, suggesting that persistent groundwater discharge is not occurring. This
site may be an examplghere the baseline condition is ombrotrophic, but where contemporary
stormwater inputs have altered the natural hydrological regime. Kings Lake also had ombrotrophic
chemical signatures, but hydrology measures were inconclusive, with slight downward flow i
spring and slight upward flow in summer when pH was also slightly above the 4.5 threshold. This
might be explained by winter precipitation counteracting slight upward groundwater flow during
the rainy season, but the slightly more minerotrophic wataslesto reach into the top 1 m of peat
during dry, summer monthslowever, Stroh (2001) suggests that the relatively small catchment
basin and the beaver dams at the outlet of the bog keep water level fluctuations in the bog and
pond relatively smallSpringer Lake showed the same hydrological pattern, but also had increased
magnesium concentrations in summer, perhaps reflective of the lake water that is likely driving
the seasonal upward movement of the water table.

The preponderance of evidence for Lov@edar and Shadow Lake suggests that they are not
ombrotrophic. TheSphagnurdominated peatland at Shadow Lake likely developed from a
process of terrestrialization of a shallow ar
connected to and infenced by adjacent lake water chemistry. Shadow Lake is classified as a
mesotrophic lake in which water quality has been declining over time, presumably due to land
development in its basin (King County 2021). Such chemical changes may be influencing the
dramatic increase in tree cover in the peatland. Another explanation for the abundance of tree cover

at the site may be fire: Old, burned fence posts, chaolddwestern hemlock trees, and the
pollen/charcoal data collected for this project indicatetttaShadow Lake peatland burned circa

1930. Contemporary vegetation patterns may be a result of this burn.

Sjors (1983) noted that ombrotrophic bogs and poor fens in southern Alaska and Fennoscandia
could not be easily differentiated using vegetationgatdirs; even a clear hydrological boundary
between the two was difficult to determine. This supports the argument that chemical indicators
are the most objective evidence for ombrotrophic conditions (Proctor et al. 2009). If the
ombrotrophic status of eadite were limited to an assessment of chemical indicators, 88% (15
sites) of our sites would be considered ombrotrophic, with only Lower Cedar and Shadow Lake
not meeting ombrotrophic indicators as described in Table 56.

Integration of the chemical angdirologic data suggest that many peatlands in the Puget Lowlands
are either (1) predominantly ombrotrophic and/or (2) support a thin ombrotrophic layer-of near
surface peat, with deeper groundwater maintained by surface and subsurface watershed
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Table 56. Ombrotrophic Status of Study SitesOmb = result was indicative of ombrotrophic conditions; NotOmb = result was not indicative of
ombrotrophic condi tdifo nwse;r eC eilnl dsadmusficidseddva@wsuitaien dita were treated as inconclusiv@inbrotrophic
Status Yes = site had ombrotrophic indicator in at least one seasatl fodicators Inconclusive = site lacked ombrotrophic indicatobath seasons iat least
oneindicator, No = site was missingvo or more ombrotrophic indica®in both seasons

. VHG* H ECcor (€ S/ cm Ca?* (mg/L :

S (cm/cm) Ombpz <4.5 Omb (: < 5 0) Omb :(23 m)g/L Ol Epie SIS
Spring Summer Spring Summer Spring Summer Spring Summer

AH?! Omb dry Omb NotOmb Omb Omb Omb Omb Yes
C12 T NotOmb Omb Omb Omb Omb Omb Omb Inconclusive
C8 T T Omb Omb Omb Omb NotOmb Omb Inconclusive
Cm2t T T Omb Omb Omb Omb Omb Omb Inconclusive
CM4t Omb dry Omb Omb Omb Omb Omb Omb Yes
EC Omb Omb Omb Omb Omb Omb Omb Omb Yes
ECH NotOmb T Omb Omb NotOmb Omb Omb Omb Inconclusive
HO T Omb Omb Omb Omb Omb Omb Omb Yes
KL?! T T Omb NotOmb Omb Omb Omb Omb Inconclusive
LC T T NotOmb NotOmb Omb NotOmb Omb Omb No
LD? T T Omb NotOmb Omb Omb Omb Omb Inconclusive
PA T Omb Omb Omb Omb NotOmb NotOmb Omb Yes
Q Omb Omb Omb Omb Omb Omb Omb Omb Yes
SL T Omb NotOmb NotOmb Omb NotOmb NotOmb NotOmb No
SPL T NotOmb Omb Omb Omb Omb Omb Omb Inconclusive
TR T T Omb Omb Omb NotOmb Omb Omb Inconclusive
W14 T NotOmb Omb Omb Omb NotOmb NotOmb Omb Inconclusive

*Only statistically significant results were used
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contributions. Glaser et al. (1990) desedta scenario in the Lost River peatlands of Minnesota

where seasonal minerotrophic groundwater was detected at a 50 cm depth in an ombrotrophic bog,
but ion concentrations were diluted from precipitation inputs, resulting in a chemical signature
indistinguishable from ombrotrophic waters (Glaser et al. 1990). They postulated that the
vegetation was too shallemoted to be affected by the minerotrophic groundwater. Heinselman
(1970) recogmbretdrapfisemi bog i n Mi mmerarepbit a whe
water were flushed during precipitation events, leaving chemical composition very similar to
ombrotrophic bogs, but with slightly highera oncent rati ons. Some of th
had similar mixed indicators of ombrotrophic cdmatis where hydrological indicators suggest

some level of groundwater inputs, but porewater chemistry is reflective of ombrotrophic
conditions. Relatively thin ombrotrophic peat layers (< 1 m) may be present in these sites and
influence the vegetati@nshizosphere. Under that scenario, the domirpitagnunsppd the

primary functional species of the sifesvould be functioning within ombrotrophic conditions,

while more deep rooted species (e.g., beaked sedge, shore pine, potentially western hemlock), are
ale to access deeper minerotrophic groundwater, as described by Proctor et al. (2009). Future
work documenting the abundance of individ8ahagnunspecies would be invaluable for such

as an interpretation as dominance of oligotrophic species suhcagilifolium, S. fuscumand

S. rubellumwould beindicative of a surficial ombrotrophic layer.

In summary, the majority of study sites exhibited chemical characteristics of ombrotrophic bogs
and most lacked evidence of strong upward (groundwater) or dawipracipitation) flow. This
suggests that even if groundwater is affecting upper peat profiles, precipitation is still a
predominant water source and likely the strongest factor in the ecology of these sites. As
emphasized by Proctor et al. (2009), disggg a distinct line between ombrotrophic and
minerotrophic conditions is never completely sharp. As an example, even Crowbeérti&og

only known raised bog in the western conterminous United Statiesnot have clear evidence

for each indicator despiteeing raised nearly 3 m above the surrounding landscape (Rocchio et al.
2021). From a management perspective, a more nuanced view of ombrotrophic conditions is
prudent, where recognition of proportional input of precipitation versus groundwater inputs shou
be the primary consideration, rather than management being dictated by a stark line between
ombrotrophic and minerotrophic conditions.

5.3 EFFECTS OF LAND USE ON PUGET LOWLAND PEATLANDS

5.3.1 Hydrochemical Impacts

Suburban development appears to hargdr effects on the hydrologic regime in laggs than
peatland centers, highlighting the important function of laggs as buffering zones (Howie and van
Meerveld 2016)Mean water levels in laggs within developed landscapes were higher than in
reference sitesand these developed laggs sometimes remained inundated throughout b year
these effects did not vary by season or moimntltontrast, mean water levels in peatland centers

did not differ between reference and developed landscapes. However, meésienedopment

such as Land Use Index and impervious area within 50 m of the wetland perimeter did affect water
levels in peatland centers and laggs once natural landscape variables were accoukteddor.

and Horner (1997) demonstrated a correlationveeh impervious surface area and increased
water levels and degree of fluctuation in Puget Sound wetlands, but peatlands were not specifically
addressed in that resear@ur data showed that water level fluctuations in peatland centers were
larger in refeence sites during September and October relative to those in developed landscapes,
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but otherwise strong connections between landscape development factors and water level
fluctuations were not appareriVater table fluctuationsn disturbed Sphagnundominged
peatlands of southeast Vancouver Island were significantly greater than in undisturbed sites
(Golinski 2004). Comparisons of recent aerial photography with historical imagery suggests that
water levels have increased in laggs surrounding many Pugénhapeatlands, likely a result of

urban runoff into these basins. A particularly extreme example is the peatland that formerly existed
at Thomas Lake, a site near Mill Creek, which has experienced dramatic change over nearly 75
years resulting from bothréct losses to development and increased water lggeatssurrounding

urban development{gure69). Very little of the original peatland remains and the site is much
wetter than it was in 1941.

In contrast, we did not detecbmthly water level differences between peatland centers in reference
and developed sitegere not detectedhstead, mean monthly water levels in both peatland centers
and laggs in our study sites were shatrongly related to watershed area and mean hnnua
precipitation, while the hydrologic effects of suburban development were comparatively small.
Tree harvest in managed timber landscapes can increase water levels, by reducing
evapotranspiration rates and increasing runoff into the peatland (Asada@3%12004; Ireland

and Booth 2012). None of our study sites were embedded in landscapes free of past or recent
logging, and this could potentially limit detection of hydrological @fef land use in our dataset.

Figure 69. Example of Stormwaterinduced Conversion of aSphagnumdominated
Peatland

Pdterns in porewater chemistry indicated that solute loads from developed areas impact both
peatland centers and laggs. Variation in seasonal porewater chemistry was best explained by land
use and impervious surface area metrics. Inflows from stormwatengmarent facilities
commonly mediated the effects of watershed and land use characteristics on porewatespH, EC
and ion concentrations, particularly during the rainy season. Our analyses indicate that hydrologic
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inputs other than direct precipitatiofiext porewater chemistry in some of the study sites, but the
seasonal effects of watershed and land use characteristics vary between peatland centers and laggs.

At the end of the rainy season, &&in both wetland positions were higher in developed
landscapes, and elevated &Ewvas associated with the presence of stormwater inflow from roads
and residential areas. Although late summet.E@as similar in reference and developed sites,
the lowest values occurred for peatland centers and laggs irskaeds with high Land Use Index
values, which reflect more intact natural vegetation. Porewategf EQaggswas highewith the
fraction of impervious surface area up to 500 m away during both seasons, while in peatland
centers this relationship waslgrapparent during late summer for buffer distances up to 250 m.
Disturbed Sphagnurdominated peatlands on southeastern Vancouver Island had significantly
higher EC than undisturbed peatlands (Golinski 2004). Similarly, Taylor et al. (1995) found
elevatedconductivity in Puget Lowland wetlands with more than 3.5% impervious surface area,
with another significant increase above 20% impervious surface area. Even in developed sites,
mean EGorrin peatland centers was still lower than in adjacent laggs, giging the important
buffering function of laggs (Howie and van Meerveld 2012).

The lack of significant pH differences between developed and reference peatland centers could be
a result of the buffering effect of laggs, which had higher pH in developesl (§it66) versus
reference (5.02) sites, similar to what has been observed in lag8phafgnurdominated
peatlands of southwest British Columbia (Howie and van Meerveld 2011; 2012). Summer pH did
not differ, which further suggests the pH was driven bgaea water inputs. However, pH was
higher in peatland centers that had stormwater inputs into their basin and this effect increased with
watershed area. The effects of land use would likely manifest first in laggs since they are at the
interface of watetsed inputs into the peatland basin. It is not unusual to find laggs impacted by
adjacent land use stressors, while the interior peatland center remains unaffected (Howie and van
Meerveld 2011). If the stressors are persistent and increase, over timgghmdsg lose its
buffering capacity and the peatland center will eventually be exposed to incoming hydrological
and chemical stressors (Howie and van Meervel
Bog where a dense stand of western hardhack hasbeeoaching into bog vegetation occupying
the peatl andds center.

Peatland center €3 Mg,2* and N& concentrations did not differ between reference or developed
sites, but lagg concentrations were significantly higher in developed sites during $esg.

patterns reflect the ecological distinction between peatland centers and laggs and also suggest that
increased adjacent development contributes excess ions into peatland basins. This has been well
documented in other regions (Golinski 2004; Howie aawl Meerveld 2011; Ireland and Booth

2012). The fact that most ion concentrations in developed peatland centers were lower than
developed laggs suggest these laggs are still providing a buffer between peatland centers and
adjacent land use. Banner et @005) note that because ombrotrophic bogs are isolated from
groundwater and surface water inputs, they may not be affected by logging activities that surround
the bog. However, this function may begin to decline over time if stressors continue oryntensif

An important research question remains: How long can the lagg continue to provide a buffering
function for the peatland center if it is continuously affected by adjacent land use stressors?

Porewater C4 concentrations at peatland centers were rekatémipervious surface area within
50 m of the wetland and concentrations in laggs were related to the impervious surface area within
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the watershed (when variability due to other watershed deaistiics were accounted for) and
model coefficients indicatethat wetlands in small watersheds were most affected by impervious
surface areas. This is significant because, as noted previoushycddaentrations are naturally

very low in peatland centers and increasing concentrations would result in an ecasy$taway

from a Sphagnurdominated peatland toward a more minerotrophic wetland type. Increasing
impervious surface are@dsoresulted in higher ammonium concentrations in both wetland settings.
Porewater PG concentrations in peatland centers and saggre largely influenced by surface
water inputs, suggesting that PGadsorbed to suspended sediment was the primary input. After
the rainy season, R® concentrations were higher in peatland centers affected by stormwater
management facilities and Igg with natural surface water connections. The effects of surface
water inputs in laggs were similar during the summer dry period, but peatlafid®@entrations

at this time were more strongly related to climate. seheelationships between ionic
concentrations and impervious surface area demonstrate that suburban development within the
watershed can produce measurable changes in peatland geochemistry, even if vegetated wetland
buffers within 50 m of the wetland perimeter are retained.

5.3.2 Vegetation Changes

The hydrological and chemical stressors resulting from increased land use in peatland watersheds
can increase species richness in laggs but decrease richness in peatland centers. Golinski (2004)
observed a similar pattern on Vancouver Island btechthat sites embedded within a disturbed

| andscape often retain higher species richnes
sites retain their laggs, suggesting that species richness in peatland centers could have been even
lower withaut them. Although species richness was higher in laggs in the population of developed
sites, the difference was not significant at the plot scale. Laggs in the Fraser River lowland and
eastern Vancouver Island showed a similar pattern, with lagg spextieess higher across all

study sites, but frequently reversed when examined at the site (or plot) scale (Howie et al. 2016).
Lagg plant composition, hydrological regime, and water chemistry can vary greatly across sites,
producing increased plant divdysat the landscape scale, but lower -sitalediversity is still

possibl® especially in impacted wetlands (Howie and van Meerveld, 2012, 2013; Howie et al.
2016).

Variation in abundance of certain growth forms between developed and reference peattand cent
sites is consistent with previously reported changes resulting from increased human stressors.
These changes include a decreasgphagnunand lichen cover and an increase in feathermosses
(e.g.,Pleurozium schreberHylocomium splendehand deciduosishrub cover. Changes may be

the result of drier conditions, increased nutrients, fire, or shading (Hebda and Biggs 1981, Gignac
et al. 1991, Golinski 2004, Benscoter and Vitt 2008, Ireland and Booth 2012, Pasquet et al. 2015).
Numerous researchers hawaifid that runoff from roads and specific ions such asi€tirease
Sphagnuntover in peatlands (Bubeck et al. 1971; Wilcox 1986; Ehrenfeld and Schneider 1991).
Most Sphagnunspecies are not very tolerant of shade (Clymo and Hayward 1982), so as woody
vegeation cover increases, subsequent shading can induce a loss of moss cover or a shift in
dominance fronSphagnunto feathermosses, which are generally more shadeant (Lachance

and Lavoie 2004; Benscoter and Vitt 2008). However, decre&umgagnunmcova was not
correlated with increasing woody vegetation cover in our study but was correlated with increasing
feathermoss cover (¥6.60;Figure70). Feather mosses, especidlgurozium schreberare more
drought and shade toletathan the dominanSphagnumspecies found in Puget Lowland
Sphagnurdominated peatlands (Foster 1985, Gignac et al. 1991, Lachance and Lavoie 2004,
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Benscoter and Vitt 2008, Pellerin et al. 2016, Laine et al. 2018). In western Canadian continental
peatlanis, Pleurozium schrebeis often a dominant species, especially on the driest hummocks,
where it codominates witGladoniaspecies (Gignac and Vitt 199 Bacomitrium lanuginosum

and Sphagnunie.g., S. austini) tend to replacé’leuroziumin these relatigly dry habitats in
hyperoceanic areas (Gignac and Vitt 1991). Lack of fire may also explain this pattern. After 80
years without fire in western Canadian boreal bogs, feathermossesi{gogomium splendens
Pleurozium schreberetc.) increased in abdance and outcompet&phagnunspp. (Foster 1985;
Benscoter and Vitt 2008). The cessation of known tribal burning in Bglahgnurdominated
peatlands may be resulting in conditions similar to these boreal peatlands (Anderson 2009).

Tree distribution a@ss structural classes in peatland centers suggests a revaraped
distribution of tree height in Puget LowlaBghagnundominated peatlands. This could be a result

of recent tree encroachment due to stressors, climate change, and/or successiones.dyoam
example, increased tree cover has been show to occur in regprejnurdominated peatlands
following disturbance, especially drainage (Golinski, 2004, Hebda and Biggs 1981). Fitzgerald
(1966) found that warm winters increase survival of westemlock seedlings at King Lake Bog
Natural Area Preserve (one of our study sites), suggesting that climate change could be a driver of
increased tree establishment in lo&phagnurdominated peatlands. Alternatively, this could
reflect cohort dynamics vérne either (1) frequent mortality of the abundant seedlings observed in
the herbaceous layer result in few tall trees, or (2) harsh growing conditions of the peatland centers
prevent old trees from becoming tall. However, tree height may not be welltedalith age in
stressful environments such as bogs. Hebda and Biggs (1981) found that tall vigorous, straight
shore pine at Burns Bog germinated on recently burned surfaces while the more typical, short,
bonsailike statured shore pine germinated®whagnumhummocks. The areas supporting these
different shore pine growth forms also appeared to respond to fire in different ways: (1) Following
fire, there was a sharp decrease of shore pine in the areas supporting tall shorefpmeopte

(2) where shre pine was previously absent or stunted, it increased sharply following fire (Hebda
1977). The cabccurrence of both growth forms of shore pine has been observed in many western
WashingtonSphagnurdominated peatlands, where they are growing in closemityxand thus
experiencing the same hydrological and chemical conditions. Rigg (1958) noted indicators of
recent and past fire at many of tlphagnurdominated peatlands he surveyed. Thus, the
distribution of trees across structural layers could alsa teesult of past fire. Lack of fire could

also be the cause of tree encroachment, as demonstrated in boreal peatlands in Alberta (Benscoter
and Vitt 2008). Local tribes are known to have periodically burSptagnurdominated
peatlands on the western Olymmpeninsula to keep woody vegetation cover low (for increased
cranberry production) and to increase leaf production on desired shrubs (Anderson 2009).
Additional research is needed to understand cohort dynamics in these peatlands.
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Figure 70. Correlation BetweenSphagnumand Feathermoss Cover in Peatland Centers.

5.4 EFFECTIVENESS OF RAPID ASSESSMENT METHODS

5.4.1 Ecological Integrity Assessment & Floristic Quality Assessment

The EIA and FQA rapid assessment tools are bo#md#d to estimate the ecological integrity of

an ecosystem occurrence. However, there were conflicting results between the two methods, with
EIA generally performing better.

Because the EIA includes multiple metrics of landscape context asileoconditon, only the

latter were assessed for correlation in our data (to avoiecantelation with land use data). Nearly

all statistically significant relationships between measured variables and EIA were either
autocorrelated (e.g. our highagtality referace sites were all in climatically wetter portions of

the Puget Trough) or involved factors that were explicitly considered in the EIA (stormwater
inflows and impervious surfaces in the surrounding buffer). One exception was watershed area,
which had a weddy negative relationship with EIA score. Bogs with larger watersheds had
somewhat lower EIA scores, as they are more likely to overlap with significant areas of
development. Additionally, spring mean calcium and magnesium in the laggs were both
significartly correlated with lower EIA scores in associated bogs. Several EIA metrics (Water
Source, Land Use Index, and others) are designed in part to serve as proxy measures of nutrient
input. In other words, the EIA appears to be performing as expected fotingthanges induced

by these stressors.

FQA indices such as Mean C for peatland centers did not perform as expected, with indices
generally increasing (suggesting higher ecological integrity) along with stressors such as
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impervious surface areas andrstavater inflows. This may be due to floristic changes in peatland
centers resulting from increased minerotrophic conditions, with presumably conservative fen
and/or marsh species establishing in the peatland centers. FQA indices calculated from lagg relevé
had more logical results, with lagg Mean C significantly negatively correlated with spring pH and
ECco. Some laggs are more similar to their associated peatland centers than others, in terms of
both plant composition and hydrochemistry. Thus, theioglship between Mean C and pH and
ECcorr may be influenced by the potential habitat bias discussed above. In other words, laggs with
more characteristic fibogodo plant spevaliesfor may ¢
those species are potentialhflated by their habitat restriction and not by any sensitivity to
disturbance. Also notable is that reference sites in this study tended to have narrower laggs than
peatlands in developed settings. The relatively wide mixing zones in the developeddseiatia

likely a result of greater minerotrophic input on the peatland margins. This relates to FQA in that
the steeper gradient from lagg to bog in the reference sites may result in a larger proportien of bog
associated species in the lagg relevés. Itmportant to note that FQA does not factor in
nonvascular species composition, as there are no coefficients of conservatism assigned to
bryophytes or lichens in Washington State. It is possible that nonvascular composition tracks
stressors with greater fility than vascular species.

Coefficients of conservatism values for the Washington flora were originally assigned by
aggregating values chosen by botanical experts around the state (Rocchio and Crawford, 2013).
Because peatland center vegetation in awghssites are made up of relatively few vascular plant
species, it is possible that incorrectly assigne@laes for just a few species may have a large
impact on the resulting averagesvé@lues for some peatland obligates may be inflated due to
misapplcation of the FQA rating criteria, with high values potentially assigned simply due to their
association with relatively rare habitats, rather than a consideration of their ability to persist in
degraded occurrences of such habitats. However, as notéolysigyit is also possible that these
nortintuitive results may be indicating floristic changes in peatland centers resulting from
increased minerotrophic conditions, with presumably conservative fen and/or marsh species
establishing in the peatland censtelf reference standard Mean C ranges were established for
different ecosystem types (e.g., fens, bogs, marshes, etc.), this positive relationship might be more
informative (i.e., demonstrating a move to different ecosystem type).

In summary, the EIA amgars to be a more effective and reliable rapid assessment tool for assessing
ecological integrity of peatlands as a whole, but FQA may be effective for assessing changes in
the lagg.

5.4.2 Rapid Water Table Measurements

Stake measuremeldte s peci alulnyd owmatxeirm | evel & movertodbed on
reliable, rapid proxies for mean water level, but only in laggs. This was the case even though laggs
were more likely to be flooded (abogeound water is likely to have more dissolved oxygen and

thus notexhibit reducing conditions (Belyea, 1999)). Booth et al. (2005) also found a strong
correspondence between maximum Pd&2ived water level (high point of discoloration) and the

mean annual water table, hypothesizing that the microbes important in mgedegkdbx conditions

may be more frequent in that stratum.

The actual differences between PVC and logger mean measurement errors were not statistically
significant (according totests), but the laggs experienced greater overall water level fluctuations.
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In the peatland centers, where there was less variation between minimum and maximum water
levels, it may have been more difficult to discern where color changes began and ended. Reduced
water level variance also made the margin of error in the stake resssus more important
(measurement error of +10 cm obfuscates trends much more when water levels vary by 40 cm
than if they vary by 65 cm).

Minimum stake measurements (i.e., minimum water level) were not useful, likely due to the
difficulty in delineatng the exact point of initial discoloration on the stake (Booth et al. 2005).

It is possible that the effect of pH on redox potential (Ross, 1995; Charman, 2002) could influence
the reliability of stake surr otg 8doth et.al. (BDOSyve v er ,
found no significant correlation between pH (and other chemical measures) and the amount of
error in the PVC measures. Belyea (1999) thought the consistent underestimation found in PVC
proxy methods were due to a time lagg or impetrtorrespondence with water level. It is notable

that the stakes left in place for a full year did have the highest correlations among our sample.

Measurements made in the lab did not provide significantly different results, even though they
benefited fom overhead lighting, clean stakes, and-figside comparisons with other stakes. It

may have been easier to catch erroneous measurements made in the field, thanks to the additional
context. For example, field staff may have looked more closely at anmaxiwater level
measurement of 20 cm that was made while standing in 60 cm of water. While the measurement
errors from light and darkcolored PVC tape were not statistically different, light tape is still
recommended for ease of reading.

A few confoundiy v ari ables may have influenced this
was difficult to capture with these stakes, particularly in flooded laggs where water levels
sometimes fluctuated by greater than 1.5 m in the period of time the stake wagautite Gven

when a stake was high enough to capture algovend water level, sun bleaching and algal
accumulation complicated interpretation. For 28 stakes, maximum water levels recorded by the
loggers exceeded the stickup of the stake, including 6 stakesb different peatland centers.

These stakes were exceeded #8Icm (mean = 12 cm). For stakes that went entirely underwater,

we may have occasionally measured the Amaxi mu
level that actually represtad theminimumwater level.

At other sites, toanuchstickup was left. For 12 stakes, the water levels dropped below the
minimum water level that could be captured by the stakes. Longer and/or paired stakes (one deeper,
one with greater stickup) may bdwsable at locations where the general degree of water level
fluctuation is not known. However, stakes made of a more durable material than bamboo may be
required for deeper insertion. Another option would be to leave stakes in for a shorter time period,
in which the water level is unlikely to vary to such a degree, but this solution has its own drawbacks
(measurement error is more likely to obfuscate trends)

One other potentially confounding variable is that, on some occasions, a new stake may have been
placed in the same hole as a previously collected stake. This could potentially allow greater
penetration of oxygen and confuse the true water level. A falipwtudy would also benefit from
reducing the number of variables in play (e.g. using the saraetapk in the same bog and same

bog position, but left in for different time periods).
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In summary, PV@aped stakes appear to be a cost effective method for measuring mean water
levels in laggs, but not peatland centers. The stakes were not effectiletdioting minimum or
maximum water levels, regardless of wetland position.

5.5 POLLEN RECORDS OF SELECT PUGET LOWLAND PEATLANDS

The pollen records recovered from all three sites show that the overall vegetation composition
surrounding the peatlands remaginthe same throughout the record, with changes observed only

in the abundance of different species. All interpretations are presented by site and discussed by
pollen zone based on the constrained cluster analysis (based on terrestrial pollen percentages).

5.5.1 Evans Creek

The Evans CreeBphagnurdominated peatland has a long history of human disturbance. Most
of the living Sphagnunwas removed (harvested for sale) in the 1930s (Rigg, 1958). A walkway
to a gazebo at the center of the peatland was cmtstr on fill material after 1968. The gazebo
was removed prior to 2002, but the walkway still exists at the site today. The site is currently
surrounded by a suburban neighborhood that was built in the 1980s.

The pollen and charcoal recovered from thars/Creek peat core represents a record of the last

42 years (2019 to 1977 AD). The three peaks in CHAR occurring at 52 cm (1979 AD), 32 cm
(1994 AD), and 18 cm (2005 AD) are not representative of local fire events. The charcoal that
accumulated throughouhis record are likely the result of brush clearing burn piles from the
surrounding areas, or were transported by wind from areas further away. The pollen taxa present
remained stable throughout the entirety of the record, with only minor changes botickaces

of taxa present. The slight changes observed in the pollen record (the different pollen zones) are
indicative of small changes to the areas adjacent to the peatland due to human influence on the
landscape (i.e. changes to the landscaping suriogirtie homes of the neighborhood) and
changes to the forested areas surrounding the site. The base of the core, Zqb6-E&cm;
19801977 AD), coincides with clearing of adjacent lands in preparation for home construction.
Cupressaceae (likelyhujaplicata), Pinus Tsuga heterophyllaand Poaceae pollen all decrease

in abundance, whildlnus rubra(a disturbance adapted taxagreases in abundance in the area
surrounding the site during this time. Construction of the homes surrounding the sitatigan

base of Zone EQ@ (23-50 cm; 20011980 AD) in 1980 (50 cm), with the majority completed by

1991 (37 cm). The decreaseAimus rubrapollen in the bottom half of this zone (37 cm) coincides

with the end of home construction in the area. The iser@aPoaceae arrteridiumalong with

a slight increase in pollen from members of the Asteraceae family (Ligul{tgpee and
Tubulifloraetype) in the upper half of this zone suggests a transition to a more open, less treed
landscape, which likelyocacure d due t o homeownerso6 preference:

The transition into Zone E@I (5-23 cm; 20152001 AD) is denoted by an increase in
Potamogetonacead,ypha and Botryococcus(algae), suggesting that the water level of the
peatland began tocrease. Within the zondsoetes(quillwort) abundance increases, adding
further support for the presence of standing water for at least part of the year within the peatland
(standing water is known to occur in the region where past peat mining hasedrcBoaceae,
CyperaceaeChenopodium/Amaranthigpe, and taxa of the Asteraceae family increase in
abundance, while the abundance of tree species sédhussrubradecrease, indicating that open
spaces continued to be maintained around the peatldwedugpermost zone (representing the
modern pollen assemblage), Zone-BC(0-5 cm; 20192015 AD), has an increase in pollen
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abundance of several tree speciesu@a heterophyllaAbies andPseudotsugga and a significant
decrease in Cupressaceae. Theediffice in tree pollen is likely the result of changes in the

surrounding upland forests, as well as plante

maturity.

5.5.2 Kings Lake

The lands adjacent to Kings Lake bog have experienced less distarance than both the

Evans Creek and Shadow Lake sites. The forests were logged and burned in the 1930s (Fitzgerald,
1966; Lebednik and del Moral, 1976), then logged again in the late 1970s/early 1980s (Kunze,
1986). In the miedl980s, the site and senof the adjacent uplands were purchased by the Nature
Conservancy with the goal of preserving the peatland and the surrounding landscape. In 1987,
ownership was transferred to the Washington Department of Natural Resources and incorporated
into the NaturbArea Preserve system.

The pollen and charcoal record from the peat core extracted at Kings Lake represents the last 61
years (2019 to 1959 AD). The major drivers of changes in taxa abundance surrounding Kings Lake
were likely human disturbance (loggindjre (natural or poskogging burning), and natural
succession. The vegetation surrounding the peatland in the lowest pollen zone, Zo@&I&R

cm; 19751959 AD), was initially dominated bysuga heterophyllawith minor amounts of
Cupressaceae. Thanly peaks in CHAR in the Kings Lake core occur near the middle of this
section (5655 cm; 19701966 AD). These higher CHAR values likely indicate one major fire
event, or a series of fire events occurring in a short amount of time, such-&sggo® buning

of slash piles (logging debris). During and after these peaks in CHAR, taxa abundances within and
surrounding the peatland shifisuga heterophyllda nondisturbanceadapted species) pollen
decreases significantly (dropping from 27% to 7%), whlleus rubraincreases from 20% to

51%. Ericaceae anéteridiumabundance increases slightly during this time, wiRgeudotsuga

and Cupressaceae decrease in abundance. This shift in vegetation suggests both logging and a post
logging fire had an impact orhé vegetation surrounding the Kings Lake peatland, allowing
disturbance adapted taxa to become more dominant (abundant) near the top of this zone.

The remaining pollen zones show a forest/woodland environment undergoing succession during a
period of recoery following a disturbance event (likely from logging and post logging burning).
Very little to no charcoal accumulated within the top three pollen zones of the core, suggesting
that fire was not a major component of the landscape during this time. énkdeH (23-45 cm;
19971975 AD),Alnus rubraremains a major component of the surrounding vegetation with an
understory consisting of Poaceae, Cyperaceae, members of the Asteraceaéfabribgigtype,
Artemisig  Ligulifiorae-type, and Tubulifloragype), Chenopodium/Amaranthigpe,
Saxifragaceae, arféteridium.The increase iInus rubraand many herbaceous taxa indicates a
period of recovery on the landscape, with many secondary colonizers dominating the landscape.
The transition to Zone Kdlll (10-23 cm; 20091997 AD), is marked by a shift to higher
abundances ofsuga heterophylla, Pseudotsygmd Ericaceae, while the abundanceéArius

rubra decreases. Herbaceous taxa also decrease in abundance, indicating that the landscape
transitioned to a moréeveloped/closed forest landscapke uppermost zone in the core KL

(0-10 cm; 20192009 AD) shows a significant initial increase in Ericaceae pollen (with a decrease

in all other taxa). After this peak in Ericaceae pollen, all taxa present in tresizoase to
modern levels.
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5.5.3 Shadow Lake

The peat core recovered from the Shadow Lake peatland is the longest record analyzed from the
three sites, representing the last 189 years (28B83). A total of three pollen zones were
identified in this ore. Each change in pollen abundance appears to have been driven by the
occurrence of fire on the landscape. Initially the forest within pollen Zorle(&:96 cm; 1924

1833 AD) was dominated Bysuga heterophyllandCupressaceae, with a low abundanca&lobis

rubra. CHAR remains relatively low within this section, with a slight increase occurring in the
upper third, starting at 83 cm (1860 AD), but only in the smaller size fraction (indicating extra
local or regional fires). The timing of this slight rease in CHAR occurs around the same time

as the earliest settlements around Lake Washington (Davis, 1973). As the smaller fraction of
CHAR increases, the abundance Alfius rubraincreases and botfisuga heterophyllaand
Cupressaceae decrease. The inereéa\lnus rubramay have been driven by clearing of the
surrounding land via logging and/or burning for settlements (building material and preparing the
land for farming). The newly cleared areas that were not used for farming were likely recolonized
by dsturbance adapted taxa.

The middle pollen Zone Sl (30-66 cm; 19771924 AD) shows a significant transition occurring

on the landscape. This section has a large increase in CHAR (in both size fractions) at its base,
suggesting a single major fire eventt,a series of fire events occurring in a short amount of time.
Based on historical logging records from the area, the peak CHAR occurring at 63 cm may be the
result of posiogging burning in the 1930s. As charcoal increases, so does the polleAlfngsn

rubra, which is the dominant species on the landscape in this period. Poaceae and Cyperaceae
decrease in this section while other herbaceous taxa remain present in low abundance
(Chenopodium/Amaranthigpe and Asteraceae likBmbrosiatype, Artemisig Liguliflorae-

type, and Tubulifloragype). Tsuga heterophyllancreases in the upper half of this section as this
species was recolonizing. The decreasAlitus rubra low CHAR, and subsequent increase in
other arboreal taxa (mainfysuga heterophyllandPseudotsugadistinguish the transition to the

top pollen Zone Silll (0-30 cm; 20191977). The vegetation in this zone is transitioning to a
mature forest after a disturbance event (fire) and reflects the landscape around the site today.

5.5.4 Summary

The pollen records recovered from Evans Creek, Kings Lake, and Shadow Lake peatlands all
demonstrate that the composition of the vegetation adjacent to the peatlands remained stable
throughout the entirety of the record, with only individual taxa abundacttasging. These
changes appear to have been driven by anthropogenic disturbance, particularly land use changes
(logging, burning, and land clearing for home building). This baseline information provides some
confidence that the vegetation patterns obseinvealle project are not explicitly from past land

use, although historical conditions are always a factor in determining current ecological patterns
of a given site.

One of the initial goals of this study was to use pollen and charcoal records to seleehow t
vegetation has changed since Euroamerican contact. The high sedimentation rates observed across
all three sites (Evans Creek 1.42 cm/yr, Kings Lake 1.14 cm/yr, and Shadow Lake 0.24 cm/yr to
1.67 cm/yr) was a surprise and all three peat cores were yahageve expected to observe. Due

to these high sedimentation rates, we were able to see a detailed record of relatively modern
changes, but no accounting of longer term dynamics.
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The core taken from Shadow Lake Bog is the only site that covers thedtirod pf Euroamerican
settlement in the area. From this single record, we do see changes in the pollen record post
European settlement, with a slight increase in CHAR (smaller size fraction, indicating a regional
increase in charcoal) and disturbaiackaped taxa (i.eAlnus rubraandPteridium) and a decrease

in arboreal taxa such as Cupressaceae (likklyja plicatg andTsuga heterophyllaor a more
comprehensive understanding of how the landscape changed after Euroamerican settlement, longer
records ee needed at all three sites. Longer records would document the landseapd post
Euroamerican arrival, helping distinguish between local (occurring at a particular site) and regional
pollen changes (occurring across all three sites). Additionaityrate dating of the top of these
cores, such as with radioisotogé¥b and*'Cs, would refine the estimated timing of changes in

the pollen record.

5.6 CLIMATE CHANGE

Understanding how climate change may be affecting Puget Lowdnidhgnunrdominated
peatlands is critical for understanding their lgagn viability, as well as for attributing
contemporary changes to the correct causal agént(shate change, land use impacts, fire,
natural succession, or a combination of these variables can all iregiinilar changes in a
peatland.In this section, potential climaiaduced changes are described. Howevenrder to
prescribe appropriate conservation and management actions, a full understanding of how peatlands
react to these various drivers ofaclge is needed. Rarely will ecological change be a result of just
one of these factors; more commonly, multiple disturbance processes are in play, especially with
climate change now a ubiquitous factor.

5.6.1 Expected Changes to Primary Ecological Processes

Average temperatures in the Pacific Northwest increaséf b&ween 1895 and 2011, with
warming occurring in every season except spring (Mote 2003, Dalton2018. Kunkel et al.

2013). The frequency of warmer extremes, including nighttime heat events, has increased
(Bumbaco et al. 2013). However, precipitation patterns have not significantly changed over the
same period (Dalton et &013. Change in annual precipitation is projected to be small (Mote et

al. 2013), but seasonal changes are predicted, including drier summers. Models estimate that
summer pecipitation could decrease 6 to 8% by the 2656sme models predict up to a 30%
decrease (Mote et al. 2013). Conversely, most models predict precipitation increases of 2 to 7% in
winter, spring, and fall, with an increase in the proportion falling asmatead of snow (Mote et

al. 2013).

These existing and projected changes are concerning for theelongviability of regional
Sphagnundominated peatlands. Low elevatiddphagnurdominated peatlands reach their
southern extent in western North AmeriegaWashington State and coastal Oregon (Gignac et al.
2000; Halsey et al. 2000, Gajewski et al. 2001). The subset of these peatlands that are
predominantly supported by precipitation (e.g., those included in this study) appear to reach their
southern extat at the same point as the extent of continental glaciation (and associated periglacial
landscapes) in western Washington. This area extends as far south as Tenino in the South Sound
region. CoastalSphagnurdominated peatlands in southwest Washingtod @megon have
vegetation indicators suggesting some groundwater input, but their hydrology and water chemistry
have not been investigated (Kunze 1994; Christy 2001). MoSain@gnurrdominated peatlands,

all of which are fens, reach further south alongstalaand interior mountain ranges, to at least
central California
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Low summer water tables are already a seasonal condit®phagnurdominated peatlands in
western Washington due to the strong seasonal pattern of precipitation (Rocchio et al. 2021).
However, the duration of low water tables may be extended with predicted summer drought and
heat going forward. Although precipitation is predicted to increase during the wet season, this extra
precipitation is unlikely to compensate for drier summers duthddfact that Puget Lowland
Sphagnurdominated peatlands already reach saturation during winter months under current
climatic conditions. Any additional moisture will simply drain off the peatland into the lagg, either
flowing downstream or remaining inghagg, potentially resulting in expansion of the lagg zone.

Because Puget Lowlarffphagnundominated peatlands already occur at their southern climatic
extent, they logically seem to be highly susceptible to ongoing and future climate change impacts.
Based on our current understanding of these regional peatlands, expectedicldnatsl changes
include tree encroachment, increased shrub growth, a shift 8phagnumto feathermoss
(primarily Pleurozium, and solarization or scorching of hummocks. Lortyeation low summer

water tables would not only provide trees and shrubs a competitive advantage (Weltzin et al. 2000;
Moore 2002), but could also result in increased peat decomposition and subsequent loss of
accumulated peat (Moore 2002). Many of thesedd®mns have already been observed in local
Sphaghnusd o mi nat ed peatl ands. Al though those chang
impacts, they are consistent with expected responses to changing climatic conditions. Additionally,
climateinducedimpacts may also complicate interpretation and attribution of ecological changes
resulting from other stressors.

5.6.2 Tree Encroachment

Tree encroachment has been observed in many redipmalgnurdominated peatlands (Rigg

1958; Rocchio et al. 2021) all as in many other regions of the world (Gunnarsson and Rydin
1998, Gunnarsson et al. 2002, Lachance et al. 2005). Clintteed warming and drying have

been associated with widespread tree encroachment in bogs during the Holocene (Edvardsson et
al. 2015). Heijmans et al. (2013) found that modeled cliAvadeced drought in European,
temperate bogs only resulted in transient tree encroachment, but temperature incrégSes > 1
resulted in a persistent shift to trdeminated peatlands. Agren et al. §89 were unable to
confidently attribute tree encroachment irSphagnurdominated fen in northern Sweden to
climated other factors such as fire or natural succession may have been causal factors instead.
Many nonclimatic stressors may result in tree emotument, including draining and other direct
disturbances, increased nutrients, etc. (Hebda and Biggs 1981; Gunnarsson et al. 2000, Golinski
2004).

Causal factors of tree encroachment in Puget Lowl8pHagnurdominated peatlands are
uncertain, but may beelated to climatenduced changes. In summary, the following are possible
explanations for observed tree encroachment in Bphhgnurdominated peatlands:

0 Preexisting climatic tension Because Puget Lowlan8phagnurdominated peatlands
already occuat their southern climatic extent, the tension between open and woody cover
may be part of the natural dynamics of lo&ghagnurdominated peatlands. In other
words, tree encroachment may be inherent in this transition zone and there has always been
a tersion between open and woody vegetation in these ecosystems. As such, slight changes
in climate or local environmental condition could results in conspicuous shift in dominance
of woody vegetation. This may explain why tribes are known to have used fire to
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periodically burnSphagnunrdominated peatlands on the western Olympic peninsula
(Anderson 2009). A bioclimatic distribution model phagnurdominated peatlands
shows Puget Lowland peatlands at the south®yat boundary in western North America
(Gignac ¢ al. 2001). Extant occurrences $phagnunrdominated peatlands extend a bit
further south than the model predicts, suggesting either (1) the model is incorrect or (2) the
peatl ands south of the predicted orfersrrenc:
to the fact that their development occurred in a former, more favorable climate, whereas
current climatic conditions are outside those conditions. If the latter is correct, then this
model demonstrates that Puget LowlaBdhagnurdominated peatlarsd are indeed
located within a climatic tension zone, between conditions conducive for development of
Sphagnurdominated peatland and those that are not.

Natural succession Conifers are a characteristic componentSphagnurdominated

peatlands along éhwestern coast of North America (Osvald 1933; Si#83 Bisbing et

a.2019 . Rigg (1917) noted that #Ain general,
Puget Sound regiono, &phdgnumerearlyailthedatal hogse es g
including abundant tr ee mdoatdadnatarg endendyifog g 6 s
local peatlands to become treed, which may be related to the first bullet point, concerning

a climatic tension zone between forested and open peatlands. The regular summer dry
season is unusual for maritime bog formatiorateofiles from numerous locations across

western Washington also demonstrate that successional dynamics in local peatlands are not
linear, with many sites experiencing periods dominated by woody vegetation followed by
periods ofSphagnurdominated veget®n. It is possible that disturbances such as fire,
naturally induced flooding (beaver dams, landslides, etc.), or cycles of tree establishment
followed by woodland decay explain the abundance of woody vegetation in local
Sphagnurdominated peatlands.

Climate changé Warmer winter temperatures have been found to result in increased
survival of western hemlock seedlings at Kings Lake Bog (Fitzgarafd). Increased
duration of low water tables resulting from warmer and driers summers may provide a
competitive advantage to conifer seedlings. It is also possible that warmer winter
temperatures, rather than lower water tables, are a causal factor of obseeved tre
encroachment (Heijmans et al. 2013).

Fire1 Past fires may have created conditions that allowed woody vegetation to gain an
initial competitive advantage and what we see today is the successional outcome of those
conditions. Fire results in a flux of mignts that may give trees a competitive advantage.
Rigg (1958) described numero8phagnurdominated peatlands as having been burned,
attributing much of the burning to efforts at clearing sites for eventual cultivation. As
previously noted, tribes usedd to periodically burn peatlands. If this was a common
practice in the Puget Lowlands, then its possible that current tree encroachment is a result
of alackof fire. This pattern is similar to that described for regional upland prairies where
tribal useof fire is known to have been a key reason that prairies remained on the landscape
when, following the hypsithermal, a cooler and wetter climate favored tree encroachment
into the prairies (Norton 1979, Whitlock 1992, Agee 1996, Tveten and Fonda, 1999).
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In summary, trees are abundant in most Puget Lowdgihgnurrdominated peatlands and, in
some cases, encroachment has converted previous areas &pb@gmunvegetation to closed
canopy swamps or peatlands. An extreme example occurs at Shadow Lake, tnebere
encroachment has resulted in canopy closure and a complete conversion of a oBphageam
dominated peatland into a forested stand with an understory of nearly continuous feathermosses
(Figure71). There is an urgent né¢o understand the mechanisms driving tree establishment and
survival. Understand these mechanisms may allow us to better predict theerilongarbon
dynamics and viability of regional peatlands and determine whether management intervention
(such as treeemoval) could be effective in keeping sites open enough for contBplealgnum
growth and peat accumulation. The full implications of such aggressive management must be
known before implementation.

Figure 71. Outcome of canopy osure in Sphagnumdominated peatland

5.6.3 Increased Shrub Density

Similar to tree encroachment, the density of shrubs (specifically, bog laurel and especially
Labrador tea) observed in some sites may be related to climate change. However, otoes stres
such as hydrological and chemical alterations may also be causal factors. Rigg (1958) described
Labrador tea as one of the last bog species to persist through disturbance, noting that the shrub
becomes very dense and increases in height (>1 m) wittamulisturbances. Shrub density in

some Puget Lowlan&phagnurdominated peatlands can be very dense, to the extent that
Sphagnuntover is dramatically reduced, which could in turn dramatically reduce the rate of peat
accumulation. Many of these Puget Lamtl peatlands have conspicuous stressors, whether on

site or in adjacent areas (Rigg 1958).
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Potential causal factors for increasing shrub density are similar to those described for tree
encroachment, thus the following questions need to be addressédtabéerstand shrub density
dynamics:

0 Are dense stands of shrubs part of the natural, successional dynamics of Puget Lowland
Sphagnurdominated peatlands?

(@]

Is climate change providing a competitive advantage to these shrubs, as predicted for trees?
0 Doesshrub density respond favorably to fire? Or, conversely, increase when fire is absent?

5.6.4 Shifts in Dominant Mosses

Oke and Hager (2017) modeled the distributioBpfiagnurdominated peatlands and found that
suitability for Sphagnurdominated peatlandsnder future climates is highest in coastal areas,
including, in western North America, Washington, Oregon, and British Columbia. However, as
noted previously, while precipitation is predicted to increase during winter, spring, and fall in
future climatesthat extra precipitation may not compensate for increased soil moisture deficits

that will occur during the warmer and drier summers, since local peatlands already reach saturation
during winter months and woul dtenot have the <c

Observations from Puget Lowlaigphagnunrdominated peatlands include some patterns that are
consistent with what might be expected from warmer, drier summers. However, as with woody
encroachment, other stressors and/or natural dynamics and sucoesgialso be causal factors.

0 Shift in dominant mossésSphagnunspp. are the dominant ground cover in ombrotrophic
bogs and acidic fens in the Puget Lowlands. Feather mosses, espe@allygzium
schreberj dominates the top of tall, dry hummocks, orsimady portions of wooded
peatl ands. I n other words, the presence of
climate change effects, but the shift in proportional abundance is of concern, especially in
pl aces where ot her cheinplayl However, torereffect ftosmmbt s e
longer dry season could be a reduced growing seasoS8pioagnum making it less
competitive with other mosses, specifically feathermosses. Tree encroachment can also
lead to such changes, as feathermosses have petitive advantage under low light
conditions. In a few of the study sites (Kings Lake and Shadow Lake), abrupt shifts in the
upper peat profile fro®phagnunto feathermoss were observed, both in terms of vertical
accretion and within a given hummodkidure72). The relative proportion of these shifts
needs to be determined across a larger sample of sites.

0 Hummock scorching Another observation in Puget LowlarBbhagnurdominated
peatlands is the degradation of numerdpsagnmhummocks in many sites. A researcher

in Italy found that soutfiacing Sphagnurrdominated hummocks were scorched during an
extreme heat wave and had not recovered within four years (Bragazza 2008). Anecdotally,
degradation of soutfacing hummocks in Pugé&owland sites is occurrindg-{gure73). It

is not clear if extreme heat events and increased solarization are scorching these
hummocks. Another potential factor may be trampling (e.g., from wildlife), which could
expose hummoclknteriors and make them more susceptible to increases in heat and
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solarization, thus leading to desiccation and ultimately degradation of the hummock. This
process might occur regardless of climate change effects.

(b) Hummock dissection (Left: organge-colored, Sphagnum peat;
Right, dark peat is feather moss)

AT
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(a) Vertical peat section. Top of section is current ground surface. Dark top peat layer is feathermoss.
Orange-colored peat on bottom is Sphagnum.

Figure 72. Dominant moss competition |

Figure 73. Hummock-scorching in Puget Lowland Sphagnurrdominated peatlands
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6.0 IMPLICATIONS FOR PEATLAND CONSERVATION, MANAGEMENT, &
RESTORATION

Historical loss of Sphagnurdominated peatlands in the RtigLowlands has likely been
significant. Bell (2002) documented a 69% decline in such peatlands in King County, with much
of that loss occurring prior to the passage and implementation of the State Environmental Policy
Act, Forest Practice Rules, Growth Megement Act, and other policies that aim to protect further
loss of these sensitive and unique wetland types. These legislative actions have slowed the direct
loss of many sites, bi@8phagnurdominated peatlands continue to experience degradation from
adjacent land uses. Similar to the findings of Azous and Horner (1997) for other types of Puget
Lowland palustrine wetlands, this study has demonstrated that adjacent land use, as primarily
measured by impervious surface areas, inflicts hydrological, cherarghbiological changes on
Sphagnurdominated peatlands.

In this section, we provide recommendations for improving conservation, management, and
regulatory actions and watershed planning to help regulators, managers, planners, and citizens to
better protet peatlands in the lowlands of western Washington. Our recommendations build on
(or in some cases reiterate) guidance provided by other resources, especially recommendations
offered by Kulzer et al. (2001) and Sheldon et al. (2005).

An initial recommendon is to develop a comprehensive ma@phagnurdominated peatlands
across western Washington. Such a product would be highly beneficial for implementing many of
the recommendations below.

6.1 PRESERVATION OF PUGET LOWLAND PEATLANDS

Restoring severelynpactedSphagnurdominated peatlands has proven to be very difficult given

the longtime frame over which these peatlands develop. As such, preservat@phafnum

domi nated peatlands should be a primasy mecha
are successfully implemented. Avoidance measures built into mitigation sequencing is an
important step toward such goals, but avoidance is not the same as dedicated preservation of
Sphagnurdominated peatlands, which is best completed through atigugsby organizations

that have the ability to manage conservation sites over the long term.

Sheldon et al. (2005) describe numerous tools to achieve preservation. Our recommendations
emphasize the use of Washington Department of Natural Resources) Natitege ecosystem
conservation priorities to guide preservation activities. The Natural Heritage Program has outlined

a prioritized list of conservation targets, includiBghagnurdominated peatlands, for the State

of Washington (DNR 2022). The 2022a&t of Washington Natural Heritage Plan provides two

lists of priorities: (1) State Conservation Status (overall conservation priority) and (2) Natural Area
Representation Priorities (priority for representation in the statewide system of natural adas, wh

is a collection of sites focused solely on the conservation of biodiversity features they contain.
Such sites include state Natural Area Preserves, federal Research Natural Areas, and some land
trust preserves. The statewide system of natural areagicsal to the longterm persistence of
Washingtono6s natur al heritage; however, t he
Washingtonds biodiversity is much greater th;
Significant conservation is achievdadugh both voluntary protection and the implementation of
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numerous laws, policies, and regulations. The State Conservation Status of each ecosystem type
helps public agencies, ngovernmental organizations, and private individuals make informed
land usedecisions. The 2022 State of Washington Natural Heritage Plan identifies the USNVC,
North Pacific Acidic Open Bog & Fen Group, which includes all 8ghagnurdominated
peatlands occurring in the Puget Lowlands to be a State Threatened ecosystem tyipaafgldi

the North Pacific Acidic Open Bog & Fen Group is considered a Habitat of Greatest Conservation
Need in the Washington State Wildlife Action Plan due to the dependency on this ecosystem type
of some Species of Greatest Conservation Need (WDFW)20te more finescale plant
communities (i.e., USNVC Associations) that are included within the North Pacific Acidic Open
Bog & Fen Group are considered to be State Endangered, Threatened, or Sensitive. Given the
significant conservation values &phagnuot+dominated peatlands, the following preservation
actions are recommended:

0 Federal, state, and local agencies andgmrernmental organizations (such as land trusts)
should seek opportunities for proactive preservation of occurrences of the Nortk Pacifi
Acidic Open Bog & Fen Group.

0 Federal, state, and local agencies and-gmrernmental organizations should target
USNVC Associations associated with the North Pacific Acidic Open Bog & Fen Group
that have a Natural Area Representation Priority as caedidar inclusion in the
Statewide System of Natural Areas. Washington Department of Natural Resources, Natural
Heritage Program staff can assist with this process.

0 Increased incentives for preservation of higlality examples of the North Pacific Acidic
Open Bog & Fen Group should be considered within a regulatory wetland mitigation
context.

~

o Current mitigation guidance suggests,
consider preservation of a bog or calcareous fen to be the only viable option to
compensate for impacts. Ratios would start at 24:1. This means that 24 acres of bog
or calcareous fen would need to be preserved to compensate for one acre of impact
to these wetl ands. 0

o In addition to this scenario, we recommend consideration of preéeervaf
Sphagnundominated peatlands as mitigation for impacts to other, more common
wetlands. Of course, Aaet loss of certain wetland types or functions must also be
considered.

0 As Sheldon et al. (2005) note, preservation of rare ordpugtity wetlamls protects
them from unmitigated impacts that can degrade them over time. In addition,
preservation avoids the uncertainty of success with compensatory creation,
enhancement, and restoration projects.

Federal, state, local, and nrgovernmental plannerseencouraged to use the list of
priorities associated with the North Pacific Acidic Open Bog & Fen Group in Appendices
C and E of the 2022 State of Washington Natural Heritage Plan (DNR 2022) to ensure
protection ofSphagnurdominated peatlands are coresigld in any land use decisions.

O«
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0 One of the stated goals of the statewide system of natural areas is to provide places for
biodiversity and ecological research and education. Numerous sites included within the
statewide system of natural areas profgtagiumdominated peatlands. Researchers and
educators are encouraged to contact Washington Department of Natural Resources, Natural
Areas Program to apply for research permits or to arrange educational opportunities.

(@]

Local municipalities should consider inporating protection oSphagnurdominated
peatlands into their Critical Areas Ordinances and/or other codes (such as identified in the
Washington Wetland Rating System)

O«

Preservation should always include the lagg. Although the lagg is described asgrovid
buffering functions to the peatland center, the lagg is itself a critical part of the peatland
ecosystem.

0 Washington Department of Ecology (2021) recommends that any preservation strategy
should include measures to minimize stormwater inputs, ingugdioviding adequate
upland buffers.

6.2 MANAGEMENT & RESTORATION RECOMMENDATIONS

6.2.1 Runoff and Stormwater Management

The types and proportion of water sources supporting a wetland have significant effects on its
ecology. The majority of th8phagnurdominated peatlands included in this study appear to be
primarily (if not solely) supported by precipitation inputs. For ombrotrophic, or even nearly
ombrotrophic peatlands, the addition of surface and/or groundwater inputs can result in dramatic
changed o t he sitebdés biodiversity and ecol ogical
with the goal of preventing any anthropogenicalrived surface or groundwater inputs from
entering the peatland basin. As such, we recommend the following actiprgotSphagnum
dominated peatlands:

o

0 Determine the relative proportion of water source(s) using the methods described in this
study for determining ombrotrophic conditions.

0 Sphagnurdominated peatlands should not be used to treat runoff and/or stormwater
drainage.

0 Divert stormwater or road runoff downstream of the peatland or into a separateAbgsin.
stormwater i nputs can change the siteds ec

O Divert excess flows resulting from |l ogging
or downstreamfpthe peatland (Kulzer et al. 2001).

0 Restrict any | and disturbing activities frc
logging, during the rainy season (Kulzer et al. 2001).

0 Land disturbing activities i nseasohshouddat | an c
revegetated before the rainy season begins to avoid sediment transport into the peatland
(Kulzer et al. 2001).
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0 Maintaining natural | and cover within the
ecological integrity of the peathd (Kulzer et al. 2001).

o Forest cover in the buffer is an important predictor of species richness changes,
especially within 300 from the wetland edge (Houlahan et al. (2006).

o Natural land cover within 100 m of the wetland edge has been found to be
asso@ted with ecological integrity of a peatland (Rooney et al. 2012).

0 Ifdischarge into a peatland is unavoidable, Kulzer et al. (2001) recommend a flow dispersal
system at the edge of a 2@ifbt wetland buffer instead of piped discharge. However, data
from the Echo Falls study site demonstrate that even such a dispersed system may still
impact the peatland. The dispersal system did seem to minimize impacts from chemical
alterations, but further research into the effectiveness of these dispersal systewhs shoul
occur before widespread adoption.

0 Road construction within the watershed oSphagnurdominated peatland should be
avoided (Kulzer et al. 2001).
0 Use of calciurrcontaining materials (e.g., Portland cement, whitewash, cement structures,

etc.) should bewided within aSphagnurd o mi nat ed peatl andds wat e
2001).

0 Avoid fertilization of forests and lawns within the watershedSphagnurdominated
peatlands (Kulzer et al. 2001).

6.2.2 Buffer Recommendations

Buffers are required for many meitted and proposed activities around wetlands, including
Sphagnundominated peatlands. A key question is whether current buffer widths are sufficient to
moderate potential negative stressors from land use outside the buffer. Recommended buffer
widths varyaccording to the targeted functions to be protected (Hruby 2013).

0 Immediate watershed boundaries aroun@pmhagnurdominated peatland should be
delineated using lidar or other accurate topographic models.

O«

Ideally, the entire immediate watershed oS#hagnurmdominated peatland should be
protected and/or managed as the buffer.

O«

Our results demonstrate that impervious surfaces within at least 500 m (1640 ft)
significantly impact the hydrologic and chemical conditions witgmagnurdominated
peatlands othe Puget Sound Basin. Solute loads to the laggs increase with the amount of
impervious area within 500 m. Minimizing development within 500 m of the wetland
perimeter will help to ensure the sustainability of these ecosystems.

0 Buffers should extend frorie outer edge of the lagg (not the peatland center); The lagg
is a natural, functional component of the peatland (Hebda et al. 2000, Howie and van
Meerveld 2011) and should not be consider et
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If the entire wéershed cannot be protected, buffer widths are most effective for a wide
range of ecological functions when they are > 500 ft. (~150 m; Sheldon et al. 2005).

O«

0 Buffers focused on protecting the hydrological and chemical integrity of peatlands are
likely ony ef f ecti ve when they occur within the
continuous 500 ft. around a peatland may not be the most effective and instead placement

of the buffer should be maximized around areas with the most potential to convey surface
water nto the peatland basin.

O«

Buffers around any contributing streams are critical and, in fact, may be more important
for protecting the hydrological and chemical integrity of peatland centers than buffers
around the basin, which mostly protect against sheetfiputs.

6.2.3 Restoration Guidance

Restoration ofSphagnurdominated peatlands can be a difficult task, depending on the initial
conditions of the site. As such, regulatory guidance discourages impacts to these peatlands,
strongly encourages avoidanceridg mitigation sequencing, and suggests very high mitigation

ratios if impacts are unavoidable. Because restoration scenarios can be quite variable and site
speci fic, specific restoration guidance need:¢
chamcteristics, past and current stressors, and limitations imposed by adjacent land use. No
published accounts &phagnurdominated peatland restoration from Washington State could be
located. As such, regionalgpecific guidance is difficult to develop.okever, some general

guidance includes:

w

0 Restoration activities ofSphagnurdominated peatlands should not be used in a
compensatory mitigation context since most ecological outcomes would not be realized
within a reasonable timgame.

O«

Conduct multiyear nonitoring of the target site to determine stressor sources, especially
related to water sources and water chemistry.

O«

If stormwater water inputs have converted an ombrotrophic (or near ombrotrophic)
peatland to one dominated by surface and/or groundwatetsirrestoration should focus
on redirecting stormwater inputs outside of the peatland basin.

O«

If peat has been mined, or otherwise physically disturbed, consider the following:

o Donor peat, donor livingphagnunmoss, or other species from otherwise intac
Sphagnurdominated peatlands are not recommended fouméesshe donor site
is not viable over the lonterm or extraction of the donor material can be shown to
not have a negative effect on the donor site. Note that donor peat can be problematic
(i.e., hydrophobic) if extracted from depth and dried before application (Rocchio
1998).

o Peatland experts, including those wphagnurexpertise, should be engaged to
select diaspore from appropriate sites and species.
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6.3 INFORMATION NEEDS

6.3.1 Map Location of Sphagnum-dominated Peatlands

A comprehensive inventory and maiphagnunrdominated peatlands in the lowlands of western
Washington is critical for proactive land use planning, conservation prioritization, and watershed
assessments. Such a main idevelopment (Rocchionpublished datgbut further work is needed

to complete the effort.

6.3.2 Determine Significance of Fire as Disturbance Process

The ecological role of fire in Puget LowlarfSphagnurdominated peatlands is unknown.
Research from otheegions has demonstrated that fire periodically occurs in bogs and plays a
significant role in peat and vegetation dynamics (Crum 1992, Benscoter and Vitt 2008). Locally,
fire is known to have occurred in ma®phagnunrdominated peatlands (Rigg 1958, Anasgrs

2009, Rocchio, personal observations). The following questions related to fire and Puget Lowland
Sphagnundominated peatlands need to be addressed:

0 What is the frequency, intensity and origin of fires in regional peatlands?

O«

What is the biotic and abiatresponse of fire over time?

0 How have historical fires shaped contemporary ecological conditions?

0 Did Puget Lowland tribes utilize fire in a similar manner as coastal tribes (Anderson 2009)?
0 s fire a potentially useful management tool for mitigationlimhate change impacts?

6.3.3 Understand Long-term Successional Dynamics

Many of the vegetation changes resulting fronsia or adjacent land use could also be attributed

to longterm successional dynamics. It has already been established that the presence and
abundance of conifer trees in lo&phagnurdominated peatlands is characteristic of peatlands
along the nortlcentral Pacific coast. However, many stressors (land use, climate change, or fire)
could also result in increased tree growth. Peat profibes frumerous Puget Lowlai@bhagnum
dominated peatlands show that the successional dynamics of many sites is not linear and
alternating shifts betweeSsphagnumto woody peat,Sphagnumto sedge peat, and other
combinations is not uncommon (Rigg 1958). Inesrtb confidently attribute certain vegetation
conditions to specific stressors, a better understanding of historical, successional dynamics is
needed.

During the course of this project, our project team partnered with additional researchers from
Universty of Oregon (Dan Gavin), the U.S. Forest Service Northern Research Station (Kate
Heckman), and Colorado State University (John Hribljan; currently at University of Nebraska,
Omaha) collected peat cores from eight of the 17 study site. Preliminary araflysese peat

cores were conducted to determine age, composition, and patterns over time, but much remains.
Completing analysis of these (and potentially additional peat cores from local sites) would help us
understand longerm successional dynamics inget LowlandSphagnurdominated peatlands.

This research could help predict vulnerability and/or expected changes in these peatlands under
climate change.
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To complement the peat core work, a regidde assessment of tree encroachment needs to occur.
This would entail a population estimate of the number of sites experiencing recent (~ past 100
years) tree encroachment, dendrochronological studies, and potential causal factor driving such
changes.

6.3.4 Understand tribal use of peatlands in Puget Lowlands

Regimal tribes are known to have intensely managed many different ecosystem types, including
peatlands, for a variety of uses (Norton 1979, Anderson 2009). Understanding how native peoples
managed Sphagnundominated peatlands is critical for understanding emnirrecological
conditions as well as providing guidance for future management. For example, the past use of fire
by local tribes in the dry, upland prairies in the Puget Lowlands provided critical insight into
management and restoration goals for mainmgieritical biodiversity resources that are restricted

to these prairies (Norton 1979, Whitlock 1992, Agee 1996, Tveten and Fonda, 1999).
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APPENDIX A. STUDY SITE BOUNDARIES AND WATERSHEDS

§ [ Peatiand Vistershee
Site boundary

A el Locatioss

Arrowhead Bog (AH) Covington 8 (C8)

Covington 12 (C12) Cranberry Marsh #2 (CM2)
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