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Abstract

Peatland development is affected by changing climates, disturbances such as fire, and autogenic processes.
Peatlands may be susceptible to periods of peat loss or reduced accumulation resulting in hiatuses in the peat
stratigraphy. At eight minerotrophic peatlands in isolated topographic depressions in western Washington State,
peat accumulation rates were reconstructed using radiocarbon-dated continuous peat cores. Age-depth models,
fit to 7 to || radiocarbon dates and known tephra ages per peatland, were built using a Bayesian approach that
constrains the range of potential peat accumulation rates and specifies potential hiatus events at abrupt changes in
organic soil composition, tephras, and abrupt changes in the bulk-density profile. The among-site mean long-term
rate of organic matter accumulation varied from 30 to 40 g/m*/year during the Late Holocene but was much
lower, 18-22 g/m?/year, between 9500 and 6500 year before present. Fifteen modeled hiatuses encompassed
22% of the period in the age depths models and were more common during 9500 to 6500 year before present.
During this period, hiatuses suggest that 50% of the potential peat accumulation is missing. Compared to nearby
pollen and charcoal records, the hiatal intervals were likely the result of peat loss from a lower water table, fire, or
burial by 4-7 cm of Mazama tephra. Sites with small watershed:peatland area ratios had the largest hiatuses and
small peatlands in kettle depressions had the smallest hiatuses, consistent with water-table sensitivity to climate
change. Charcoal and pollen stratigraphy from hummocks at three sites indicate that fires during the last century
occurred near the peat core sites with little impact on organic matter accumulation. The variability in peat
accumulation, among sites and over time, suggests site-dependent climatic sensitivity of these biologically and
hydrologically significant sites.
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Introduction

Peatlands are an important part of the landscape
habitat mosaic and provide key watershed scale
hydrological and ecological functions (Gorham,
1991). However, peatlands that occur near their
climatic limit may be susceptible to the changes
driven by a warming and drying climate (Charman
et al., 2015; Dise 2009). Peat accumulation and
preservation depends on the presence of peat-
forming plant species and a water table close to
the soil surface that limits organic matter decom-
position. The water table rises to keep pace with the
peat accumulation rate, which is constrained by the
climatically and chemically determined limits on
primary production and decomposition (Belyea and
Baird, 2006; Clymo and Fogg, 1984; Ehnvall et al.,
2025). Periods with a water table more than 50 cm
below the soil surface may sustain low or negative
net ecosystem production (NEP) due to oxidation
and/or in situ fire, resulting in peat loss and possibly
subsidence (Bacon et al., 2017; Belyea and Malmer,
2004). If severe or long-lasting, such events can
produce hiatuses in the stratigraphic record of peat
accumulation (e.g., Fracasso et al., 2022). Hiatuses
may also result from erosion (van Geel et al., 2014).
Therefore, peat-accumulation records, constrained
by radiocarbon dates, are a valuable record of po-
tentially complex peatland ontogeny.

Syntheses of Holocene peatland development
typically reveal regional synchrony of peatland areal
expansion (Gorham et al., 2007; Ireland et al., 2013;
Liu et al., 2025) and peat accumulation rate histories
(e.g., Gorham et al., 2003; Loisel et al., 2014; Zhang
et al.,, 2015). However, few studies in temperate
peatlands have systematically modeled and ad-
dressed the causes of hiatuses in peatland stratig-
raphy (Nicholson and Swinehart, 2005; Sim et al.,
2023). A study of peat stratigraphy in a forested
peatland in the central Congo Basin revealed a Late
Holocene hiatus in peat accumulation that occurred
during a dry climatic interval (Garcin et al., 2022).

Ruwaimana et al. (2024) also found hiatuses related
to dry periods in an Indonesian forested peatland.
While hiatuses may overprint peat-accumulation
records with abrupt temporal gaps, gradual
changes in peat accumulation histories may result
from continual slow rate of decay in the lower anoxic
layers, producing concave age-depth profiles
(Clymo and Fogg, 1984).

The goal of this research was to document the
accumulation rate across a range of peatlands in the
Puget Lowlands in western Washington State, USA
(Figure 1) and quantify whether accumulation was
consistent over time or whether hiatuses occurred
with little to no peat accumulation. As hiatuses
originate from processes at the peat surface, we also
examined the ages and accumulation profiles of peat
hummocks at our sites. To do this, we developed
criteria for applying Bayesian age-depth models to
identify potential hiatus events. We examined
between-site differences to understand a potential role
of geomorphic setting on peat accumulation and hi-
atus occurrence. We develop a regional curve of the
“apparent” mean peat accumulation rate that is pre-
served in the peat stratigraphy, and a regional curve of
the estimated missing peat due to hiatus events that
would have existed had it accumulated at a constant
rate and remained in the profile. We compared these
curves with a local pollen record and times of tephra
deposition. We hypothesize that peat accumulation
was lower, and hiatuses more frequent, during the
warmer and drier Early Holocene (11-8 ka, thousands
of calibrated years before 1950 CE). At three of our
sites, we examined the history of hummock formation
via radiocarbon dating, pollen analysis, and charcoal
stratigraphy, to address if climate changes and wa-
tershed development of the last century has affected
peat accumulation.

Study area

The Puget Lobe of the Vashon Glaciation
(Figure 1(a)) ablated between 17 and 14 ka, leaving
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Figure |. Location of the eight study peatlands in the Puget Lowlands. (a) Overview map showing maximum extent of
the Puget Lobe of the Cordilleran Ice Sheet. Red outline shows the extent of map b. (b) Shaded relief of the Puget
Lowlands showing, in magenta, the extent of peat and muck soils from the SSURGO soil data base (Soil Survey Staff,
2024). Hall Lake is the site of the comparator pollen record (Sugita and Tsukada, 1982). Red outline shows the extent of
map c. (c) Locations of the eight study peatlands. For interpretation of the references to colours in this figure legend,

refer to the online version of this article.

behind a compacted sandy to clayey lodgment till
with fluted topography, dead-ice terrain with kettle
ponds, and outwash channels (Haugerud, 2020;
Porter and Swanson, 1998). The compacted sandy to
clayey glacial till impedes water flow and supports
peatlands and muck soils (Minard and Booth, 1988)
in topographic depressions, which comprise 1.9% of
the 37,300 km” area of the glaciated Puget Basin
area lying below 300 m elevation (Soil Survey Staff,
2024; Figure 1). An extensive survey of peatland
borings in western Washington in the 1950s revealed
that dozens of peatlands contain up to 7 m of peat
and mineral sediment, with fibrous peat often

overlaying lake sediment (Rigg, 1958). Peatlands in
urbanizing regions face stress from changes in hy-
drological regime and nutrient loading from devel-
opment, agriculture and atmospheric deposition
(Fiatkiewicz-Koziet et al., 2014; Rocchio et al.,
2025).

Sites with no evidence of historical peat mining
were selected to represent a range of geomorphic
settings (Table 1). Three sites were in fluted glacial
scour channels (Covington8, Kings Lake, and Echo
Falls). Shadow Lake Bog is also within similar
terrain but is affected by the adjacent Shadow Lake.
The other four sites (Queens, Evans Creek,
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Trossachs, and Wetland14) are in depressions likely
formed by dead-ice deposits (i.e., kettle ponds).
Many of the peatlands supported hummock-hollow
complexes with up to 1 m of relief.

Peatland areas were digitized from lidar topo-
graphic data by computing terrain slope and pol-
ygonizing the area delimited by abrupt increases in
slope. The average slope of the base of the peat was
estimated from the depth of the core and the dis-
tance from the core site to the nearest edge of the
peatland. All sampled peatlands had laggs, tran-
sitional zones between the main peat body and
adjacent upland or wetland areas (Rocchio et al.,
2025).

Many of the peatlands supported hummock-
hollow complexes with up to 1 m of relief. Gen-
erally, Sphagnum spp., fruticose lichens (Cladonia
spp.), and feathermosses covered the ground surface.
Sphagnum capillifolium (Ehrh.) Hedw. was the most
encountered and generally the most abundant
Sphagnum species. Sphagnum fuscum (Schimp.)
Klinggr. and S. rubellum Wils. were locally abun-
dant, forming small hummocks or lawns. Pleuro-
zium schreberi was common at most sites, and in
some locations very abundant. A few sites had very
high cover of Cladonia spp., Rhododendron
groenlandicum (Oeder) Kron & Judd and Kalmia
microphylla (Hook.) A. Heller dominated the shrub

Table 2. Site information regarding peat core length, age, hiatuses, and apparent organic matter accumulation rates
(AOMAR). See Supplemental Table 2 for additional parameters for fitting age-depth models.

Uppermost
radiocarbon date in Mean
core Number of Potential AOMAR Missing
Core radiocarbon dates hiatus Mean excluding hiatal
Peatland depth Depth Calibrated (plus tephra depths AOMAR hiatuses peat
name (cm)  (ecm)  date (CE)* occurrences®) (em)“ (g/m*lyear)?  (g/m*lyear)? (kg/m?)°
Covington8 319 100 1960 6 (O) 167, 265, 254 47.5 104.1
281%,
298
Queens 450° 10l 1916 8 (O) 133, 369 387 39.0 0.3
Shadow 48l 103 1895 8 (O) 185%, 199, 23.1 29.6 49.4
Lake 251, 361
Kings Lake 507 65 1956 7 (Yn, O) 176%, 194, 227 48.1 159.0
276,
313*
Evans 606 8l 1956 6 (O) 96%*, 361, 282 37.6 56.7
Creek 513*
Echo Falls 636 94 1955 8 (O, G) 152,310, 298 36.1 384
583*
Trossachs 698 97 1605 7 (O) 230, 443, 62.0 63.3 39
599*
Wetlandl4 758° 103 1440 10 (Yn) 240, 368, 598 66.1 357
568*

?Median dates of calibrated radiocarbon ages using the INTCAL20 calibration curve for dates before 1950 CE (Reimer etal., 2020) or the
Northern Hemisphere | post-bomb calibration curve for dates after 1950 CE (Hua et al., 2022). For all sites except Wetland|14, the
radiocarbon calibration produced a multi-modal probability density distribution. The age was chosen to be consistent with the pollen

profile interpretation or the Bacon age-depth model.

®See Supplemental Table 3 for radiocarbon ages. Yn = St. Helens Yn tephra; O = Mazama tephra; G = Glacier Peak tephra.
“Hiatuses >50 years identified in the Bacon age-depth models are shown in bold. Potential hiatuses identified subjectively from peat
lithology shown by asterisks; others were identified by breakpoints in the bulk-density profile.

9Mean apparent organic matter accumulation rate for 0.1 to 6 ka.

€Coring did not reach basal sediment.
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layer. Tree species were present at all sites, ranging
from scattered distribution to nearly closed canopies
at a few sites. The abundance of tree species was
highest within the shrub layer (0.5 to 5 m height),
with Tsuga heterophylla (Raf.) Sarg. being the most
common species. Pinus contorta Doulas ex Loudon
var. contorta, Pinus monticola Douglas ex D. Don,
and Thuja plicata Donn ex D. Don were occa-
sionally present. Trees taller than 10 m were
documented in a few sites and included Tsuga
heterophylla, Pinus contorta var. contorta, and Pi-
nus monticola. Site-specific vegetation and tree
cover is available in Appendix P in Rocchio et al.
(2023). Vegetation types of each site were classified
using the U.S. National Vegetation Classification
(Supplemental Table 1); many of the peatland center
and lagg vegetation types are listed as endangered or
threatened within Washington State (WADNR,
2025).

Measures of topography, vegetation, hydrology,
and pore water chemistry showed that most study
sites exhibited chemical indicators of ombrotrophy
but evidence of strong downward (recharge) or
upward (discharge) movement of groundwater was
not apparent at most sites (see Table 2 in Rocchio
et al.,, 2025). Nonetheless, the preponderance of
evidence suggests that all sites are predominantly
supported by precipitation. Only Evans Creek and
Queens Bog showed ombrotrophic characteristics
across all measures. Covington8, Echo Falls, Kings
Lake, Trossachs, and Wetland14 had conflicting
indicators of ombrotrophy. Shadow Lake did not
exhibit indicators of ombrotrophic condition.

Methods

Core collection

Cores at each site were obtained at the base of a
hummock after sampling the hummock stratigraphy.
Due to the soft and loose composition of hummocks,
they were sampled by hand. The hummock was
sectioned using a shovel and clippers until a clean
face was visible. Samples were taken at ca. 10-cm
intervals. At three sites (Kings Lake, Evans Creek,
and Shadow Lake), a monolith of the hummock was
cut from the clean face, wrapped in plastic sheets and

used for detailed analysis. Monolith sections span-
ned the upper 60 to 100 cm of peat. Below the
hummock profile, beginning at the uppermost
consolidated peat, a continuous core was collected
using a 5-cm diameter Russian peat corer (Aquatic
Research Instruments, Hope, ID, USA) until corer
refusal or until basal non-peat sediments were
sampled. Each 50-cm section was photographed in
the field, transferred to longitudinally split PVC
tubing and wrapped in plastic wrap before trans-
porting to a freezer at Colorado State University. The
depths of all samples were referenced relative to the
top of the hummock.

Core description, bulk density, and
loss-on-ignition

Cores were described by color and texture deter-
mined by visual observation and macrofossil com-
position determined with a microscope. Sphagnum,
Pleurozium, and herbaceous-dominated peats were
assigned when macrofossils were observed. Undif-
ferentiated peats (with no clear macrofossil identi-
fication) were separated by color (brown, grayish
brown, dark gray, and black). Lake sediment (highly
organic sapropel; Schnurrenberger et al., 2003) was
identified by its fine texture and olive-brown color.
Samples of consolidated peat cores (below the
hummock) were analyzed for bulk density (g/cm?)
and organic matter (OM) content (%) via loss-on-
ignition (LOI; Chambers et al., 2010). One cm’
subsamples were obtained at 1 to 13-cm intervals
(median 5 cm), for a total of 661 samples. Samples
were dried at 80°C until a constant mass, weighed,
combusted at 550°C for 4 h, and weighed again.
Ash-free bulk density (OM density; g/cm®) was
calculated as the measured bulk density multiplied
by the proportion of organic matter determined by
LOL. As total organic carbon (TOC) was not directly
measured, we report the percentage of organic
matter. Most studies that analyze organic matter and
TOC report that TOC is consistently 49 to 53% of
OM (Chambers et al., 2010; Loisel et al., 2014). We
used the definition of a peatland as containing soils
with a C concentration of greater than 12% (24%
OM) and a combined peat thickness of at least 40 cm
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in the upper 80 cm of the peatland (Soil Survey Staff,
2024).

Radiocarbon dating

Depths for 64 radiocarbon dates were chosen to
satisfy criteria that dates are spread evenly over the
length of each core, with priority for: (1) the top of
the consolidated core segments and the core base and
(2) four pairs of dates placed approximately 10-cm
apart where abrupt changes in peat density (recur-
rence surfaces) suggest hiatuses, and (3) five dates
reserved to examine a 65-cm tall hummock from
Kings Lake.

Representative samples of organic matter for
radiocarbon dating were chosen from the inside of
each core to avoid contamination possibly present on
the exterior core surface. All visible roots were re-
moved before analysis. Samples were graphitized in
the Houghton Carbon, Water and Soils Laboratory,
USDA-Forest Service, Northern Research Station
following methods described in Uhelski et al.
(2023). Samples from Kings Lake were processed
in 2019 and radiocarbon analyses were conducted at
the DirectAMS facility, Bothell, WA (Zoppi et al.,
2007). All other samples were processed in 2021 and
measured at the UCI W. M. Keck Carbon Cycle
Accelerator Mass Spectrometry (KCCAMS) Facility
at the University of California, Irvine.

Radiocarbon ages were calibrated to the calendar
age scale using either the INTCAL20 calibration
curve or the Northern Hemisphere zone 1 (NH1)
calibration curve for dates with bomb-enriched ra-
diocarbon levels (Hua et al., 2022; Reimer et al.,
2004, 2020). An additional 10 tephras with known
ages among the eight sites resulted in 7 to 11 age
controls per core. The tephras were identified based
on their depth relative to radiocarbon dates and
mapped areas of tephra deposition (Jensen et al.,
2019).

Age-depth modeling and hiatus estimates

It is essential for age-depth models to account for the
potential occurrence of hiatuses. We constructed
age-depth models using the Bayesian model in
Bacon for R statistical software (Blaauw and

Christen, 2011). The method simulates peat accu-
mulation by slowly varying the accumulation rate
within a range of prior probabilities (i.e., the ex-
pected accumulation rate for peatlands) and chooses
among millions of simulations those that are the
most likely given their fit to the observed radio-
carbon dates (Blaauw and Heegaard, 2012). The
model does not identify hiatus depths within the
model algorithm but rather requires that the depths
of potential hiatuses are chosen a priori. There is a
trade-off in the parameterization of Bacon models. A
prior probability of the mean accumulation rate that
is slow and non-flexible will constrain the slope of
the age-depth relationship requiring longer hiatus
events to fit to the radiocarbon dates, while a very
flexible prior accumulation rate may adapt to all the
radiocarbon dates and not require a hiatus occur-
rence. Such a flexible prior is reasonable for lake
sediments, where sediment accumulation varies due
to changing diatom productivity or detrital mineral
input and few hiatuses may be expected due to
consistently preserved sediment in an often-anoxic
environment. However, peatlands accumulate only
via net primary productivity at the peatland surface
and root zone (Chimner et al., 2002) resulting in a
biological limit to the maximum rate of peat accu-
mulation. This justifies a more constrained prior
accumulation rate (Goring et al., 2012). The Bacon
model does not produce metrics for model selection
via parsimony (i.e., contrasting models with hiatuses
vs no hiatuses). Therefore, a carefully justified ap-
proach is required in the specification of the prior
probability distribution of the accumulation rate and
the depths of potential hiatuses.

To develop the accumulation-rate prior for our
age-depth models, represented by a gamma distri-
bution, we summarized the composite age-depth
pattern among our eight sites. The composite age-
depth pattern was analyzed on a log-log plot in
which a slope of unity corresponds to a constant-
accumulation rate. We first subtracted the lower-
density and faster-accumulating uppermost peat by
referencing depths and ages below the uppermost
date (between 65 and 103 cm depth) which was
within, or at the top of, the higher-density peat at
each site. To assess the variation of the accumulation
rate from the composite age-depth scatter plot, we
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used quantile regression at the 10th, 50th, and 90th
percentiles. To develop the accumulation-rate prior
distribution for the Bacon model, we chose a gamma
distribution informed by these percentile statistics.
We confirmed this choice by comparison with
peatlands studied by Rigg (1958) who noted the depth
of the Mazama tephra aged at 7.633 ka (Egan et al.,
2015). From Rigg’s report, we used 18 peatlands in
King County with continuous sedge, fibrous, or
Sphagnum peat above the tephra, and the tephra depth at
the peatland center to infer the mean accumulation rate.
We fit a gamma distribution to these accumulation rates
using the fitdistrplus package in R (Delignette-Muller
and Dutang, 2015). We also compared our choice to
gamma distribution prior developed by Goring et al.
(2012) for eastern North American palustrine sites. For
lacustrine sediment segments in our cores, we used an
accumulation-rate prior that is more flexible and with a
higher mean, which is informed by lacustrine sites from
Goring et al. (2012) and 12 fen/sedimentary sites from
Rigg (1958), using the depth of Mazama tephra. A
single exception was the very high accumulation rate of
lake sediment at one site (Wetland14). To fit the model
to a tephra of known age at this, a very fast accumulation
was needed, consistent with fertilization of diatoms by
tephra-sourced silica (Baig and Gavin, 2023). Our
Bacon models also use a low memory parameter (0.3)
and modeling thickness interval (3 cm) to allow the peat
accumulation rates to more easily vary within the
constraints of the accumulation-rate prior (Supplemental
Table 2).

To identify the depth of potential hiatuses, we
developed objective criteria based upon organic
matter and sediment properties rather than subjective
placement of hiatuses to improve the model fit. We
expect only a subset of these potential hiatus depths
will be utilized in the final fitted models. We used the
assumption that past periods of subsidence followed
by renewed peat accumulation would result in abrupt
changes in the peat bulk density. We used a
breakpoint analysis to identify abrupt changes in the
ash-free bulk density stratigraphy. We applied the
breakpoint function in the strucchange package for R
statistical software (Bai and Perron, 2003; Zeileis
et al., 2003) with the criteria of at least 10 samples
per linear regression segment between breakpoints.
The number of breakpoints was determined by a

minimum in the Bayesian Information Criterion, a
statistic for model selection. Some visually abrupt
changes in soil type did not correspond to break-
points. These changes were often at black layers,
which may indicate increased decay because Pleu-
rozium macrofossils were observed at the uppermost
black layers, or at tephras. These additional potential
hiatus depths were added into the Bacon model as
well. Increasing the number of radiocarbon dates
could more precisely identify hiatuses, but we pri-
oritized extensive sampling of many sites and lim-
ited intensive sampling in any one site. Therefore,
we acknowledge that some hiatuses in our models, if
not bound by radiocarbon dates over short core
lengths, may comprise multiple smaller hiatuses or a
long period of very slow peat accumulation. The
threshold between a hiatus event and low peat ac-
cumulation is determined by the lower limit of the
accumulation-rate prior probability distribution.

Organic matter accumulation rate

We calculated the down-core profiles of apparent
organic matter accumulation rate (AOMAR; g/m?/
year). This “apparent” rate acknowledges that decay
may occur throughout the entire depth of the peat-
land and thus a fraction of mass accumulating at the
upper layer of the peatland at the oxic-anoxic in-
terface is lost over millennia, independent of the
hiatal events identified in the age-depth model
(Clymo and Fogg, 1984; Young et al., 2021). We
linearly interpolated bulk density and organic matter
between samples to pseudo-annual values. Similarly,
we interpolated to pseudo-annual values the accu-
mulation rate from the Bacon accumulation rate
estimates at 1-cm intervals. The down-core profile of
AOMAR was calculated as the product of the ac-
cumulation rate (cm/year), the bulk density (g/cm?),
and the organic matter expressed as a proportion. An
estimate of the organic matter represented in hiatuses
(i.e., organic matter that could exist if there were no
hiatus) was calculated as the mean AOMAR during
the 200 year before and after each hiatus. The
AOMAR and hiatus estimates were averaged among
the eight sites using a robust estimator. We chose the
Huber mean to reduce outlier values that have a large
effect on our small sample (maximum of 8 sites at
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any age) yet is more efficient (has a lower variance)
than estimators based on the median (Huber and
Ronchetti, 2009). The Huber mean requires a tuning
parameter to identify extreme values; we used an
adaptive tuning method to maximize robustness
(Wang et al., 2021). To visualize the effect of uncertainty
in the age-depth models on the AOMAR and hiatus
estimates, all calculations were repeated for each of the
8000 realizations of the Bayesian age-depth models at
each site (Blaauw et al., 2007). Each age-depth model
realization had unique accumulation-rate and hiatus start
and end dates, resulting in 8000 estimates of the among-
site mean AOMAR and hiatus time series, which we
summarized as density surfaces. This method only
considers uncertainty in the age-depth model and not
uncertainty in the proxy measurement (Aquino-Lopez
et al., 2024). However, low inter-sample variation in our
LOI results, and past studies (Heiri et al., 2001), suggest
that the LOI error is likely less than 5%. Other site-level
statistics include mean AOMAR (i.e., similar to the
long-term rate of carbon accumulation, LORCA; Young
et al., 2021), mean AOMAR excluding hiatus periods,
and total missing mass in hiatuses (kg/m?). These were
computed for the last-6000-year common period among
sites.

Pollen record from Hall Lake

To place the peat accumulation rate history into a
paleoclimate and paleovegetation context, we plot-
ted the pollen record from Hall Lake (Sugita and
Tsukada, 1982), chosen for its level of detail over the
Holocene and proximity to our sites (Figure 1). We
digitized pollen percentages for 64 samples from the
published pollen diagram and back-calculated the
original sample depths using the age-depth model
equations from Sugita and Tsukada (1982). We then
developed a new Bacon age-depth model from the
age basis provided in Sugita and Tsukada (1982): six
radiocarbon ages and the depths of the Mazama
tephra and the Glacier Peak B/G tephra. We plotted
only arboreal pollen percentages, scaled to 100%.

Pollen and charcoal analysis of
hummock profiles

Our collected hummock monoliths at three sites
were sectioned at 1-cm intervals producing a total of
78 samples for pollen analysis from Evans Creek
(n=20), Kings Lake (n =23), and Shadow Lake (n =
35). All pollen was extracted from 1 cm’® peat
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Figure 2. Composite age-depth relationship from median calibrated radiocarbon and tephra ages of eight peat cores.
Points are plotted with respect to the uppermost radiocarbon date at each site (Table 2), thus removing the low bulk
density peat in the upper ca. 100 cm of each core. The dashed line is a total-least squares regression fit and the isolines
show constant peat accumulation rate trajectories at the |0th, 50th, and 90th percentile determined by quantile
regression. The inset figure shows the same data plotted on untransformed axes and relative to the peat surface.
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subsamples following standard methods (Faegri and
Iversen, 2000). A tablet containing ca. 9666 exotic
Lycopodium spores was added to each sample for
estimating pollen concentration (grains/cm®). Pro-
cessed samples were stained with Safranin and pollen
was examined at 400X magnification. We identified
pollen to the lowest taxonomic level possible based
on published keys (Feegri and Iversen, 2000) and the
modern pollen reference collection at the University
of Oregon. We identified a minimum of 350 terrestrial
pollen grains in each sample. For charcoal analysis,
continuous 1 cm® peat subsamples were extracted
from each of the three peat cores (n = 213). Charcoal
was isolated by wet sieving at two size fractions
(>250 um and 125-250 um) and particles were tallied
under a 40X stereoscope. Charcoal data was ex-
pressed as a charcoal concentration (pieces/cm’).
Age models for three hummock profiles were
based on additional radiocarbon dates and the pollen
profile. For the Kings Lake hummock, five radio-
carbon dates were obtained between 17 and 65 cm
and age-depth modeling from 0 to 65 cm was con-
ducted with Bacon software using the post-bomb
(“modern”) NHI1 calibration curve (Hua et al.,
2022). For the Shadow Lake and Evans Creek
hummocks, too few age-control points were obtained
to develop age-depth profiles. Therefore, we used the
mean pollen accumulation rate calculated at the well-
dated Kings Lake site to assess the other poorly dated
sites. Applying the mean pollen accumulation rate
(grains/cm?/year) to the pollen concentration profiles
at Evans Creek and Shadow Lake, the age of samples
down the profile may be estimated by assuming a
constant rate of pollen accumulation (Middeldorp,
1982). The pollen accumulation rate estimate was
limited to arboreal pollen excluding Alnus to remove
the fluctuating contributions of disturbance-related
taxa. The age of the base of the hummock profile
estimated by pollen concentration was then compared
to radiocarbon dates near the bases of the hummocks.

Results

Peat stratigraphy

The eight recovered peat cores ranged from 319 to
758 cm in length (Table 2, Figure 2(a), Supplemental

Figure 1). Two cores reached a basal bluish-gray
clay, one ended at the Mazama tephra, and one
reached a zone with <20% organic matter. All sites
consisted of at least 2 m of moss (Sphagnum spp. and
Pleurozium spp.) peat. Five sites (Covingtons,
Queens, Kings, Shadow, and Evans Creek) consisted
entirely of moss peat to their base, while the other
three sites began as lakes. Wetland14, Trossachs,
Echo Falls, and Wetland14 currently have small
areas of open water due to historic peat excavation.
Two other sites, Kings and Shadow, are currently
lake-margin peatlands that have moss or herbaceous
peat to their core base, indicating lower lake levels in
the past. Moss peat segments all were marked by
organic matter >95% and ash-free bulk density ca.
0.06-0.08 g/cm’, while lake sediment or herbaceous
peat had between 50 and 80% organic matter and
more variable bulk density (Figure 3(b)). The
breakpoint analysis applied to the bulk-density
profiles identified one to three breakpoints per site
for a total of 18 breakpoints (Table 2). To identify
potential hiatus depths for our age-depth modeling,
we selected an additional eight depths among the
cores at black layers, tephras, and abrupt changes in
organic matter properties.

Age-depth models, organic matter
accumulation, and hiatuses

To describe the apparent rate of vertical peat ac-
cumulation (cm/year) in the peat profiles, we use the
more easily interpreted inverse value, deposition
time (year/cm), in which higher values represent
lower accumulation rates. After removing the un-
consolidated surficial peat and presenting ages and
depths below the uppermost radiocarbon date, the
composite age-depth scatter plot showed a largely
linear age-depth relationship with an average of
25 year/cm and ranging from 11 to 41 year/cm as
determined by quantile regression at the 10th and
90th percentiles, respectively (Figure 2). This ac-
cumulation rate and its variability was used to set the
prior accumulation-rate distribution for age-depth
modeling (Supplemental Table 2; Supplemental
Figure 2). This accumulation rate is also very
similar to that inferred from Mazama depths at
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6000-year common period among all cores. For interpretation of the references to colours in this figure legend, refer to

the online version of this article.

18 sites in the region (Supplemental Figure 2; Rigg,
1958), and Rigg and Gould’s (1957) mean depth of
Mazama tephra at 151 peatlands (4.3 m, resulting in
18 year/cm) and the 27 year/cm mean from Goring
et al. (2012).

The age-depth relationship in log-log space
should have a slope of unity if no changes in ac-
cumulation rate occur over time. The curves in
Figure 2 visually appear parallel to the constant-
accumulation-rate contours except for instances of
horizontal segments which are likely related to hi-
atuses. The total-least squares regression of all eight
sites has a slope of 0.82, which indicates a slower
accumulation rate (34 year/cm) at 14 ka than at
0.2 ka (15 year/cm). If removing the time span of
hiatuses from the age estimates of each radiocarbon
age, the best-fit line has a slope of 0.92 resulting in
accumulation rates of 22 and 19 cm/year at 14 and
0.2 ka, respectively (Supplemental Figure 3).
Therefore, accounting for the 15 major hiatuses
results in relatively constant peat accumulation av-
eraged among all sites.

The radiocarbon dates and tephras were in strati-
graphic order at all sites (Figure 3). The Bacon age-
depth modeling adapted to the radiocarbon dates and
tephra ages, resulting in only two radiocarbon dates (at
Shadow Lake and Echo Falls) occurring as outliers in
the age-depth relationship (Figure 3(b)). Of the
26 potential hiatuses prescribed in the age-depth
models, 15 were modeled to be >50 year in length
(Table 2). Hiatuses were somewhat more likely in
portions of cores with more dense radiocarbon dates:
the 15 modeled hiatuses occurred between radiocarbon
dates 42 cm apart, on average, while the 11 other core
depths that did not result in a modeled hiatus occurred
between radiocarbon dates that were 86 cm apart on
average. However, this difference was not significant
using a Mann Whitney U test (p > 0.05). Only nine of
the 18 hiatus-depths identified by the breakpoint
analysis of the bulk-density profiles resulted in a
modeled hiatus, while six of the eight subjectively
identified hiatuses resulted in a modeled hiatus
(Table 2). Of the four recurrence surfaces visually
identified and targeted for radiocarbon dating
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(Supplemental Table 3), two were identified as a
modeled hiatus; the other two had similar radiocarbon
dates indicating no substantial hiatus event. Full Bacon
age-depth model outputs are in Supplemental Figure 4.

Hiatuses occurred throughout the Holocene, and
the number and length of hiatuses varied greatly
among sites. Two sites with cores that did not reach
the Early Holocene (>8.2 ka), Queens and Wetland14,
lacked or had only brief hiatuses. CovingtonS,
Shadow Lake, and Trossachs had hiatuses during
both the Early and Middle (8.2—4.2 ka) Holocene, and
Kings Lake had hiatuses during the Early, Middle,
and Late Holocene. Echo Falls had hiatuses during
the Middle and Late Holocene, and Evans Creek had
a hiatus only during the Late Holocene.

The apparent organic matter accumulation rate
(AOMAR) at each site, calculated from the median age-
depth model, was generally between 30 and 50 g/m?/
year, but punctuated by hiatuses (Figure 3(f)). Mean
AOMAR over the last 6000 years varied among sites
between 23 and 62 g/m*/year, or 30 to 66 g/m*/year if
the hiatal intervals are excluded from calculations. At
sites with widely varying accumulation rates, AOMAR
correlated strongly with accumulation rate (r > 0.7). In
contrast, weak to no correlation exists between AO-
MAR and bulk density (Figure 3(d); r = 0.07 to
0.44 among sites) or AOMAR and organic matter
content (Figure 3(e); r = —0.36 to 0.54 among sites).

The total missing organic matter in hiatuses,
shown as red lines in Figure 3(f), varied greatly
among sites (3 to 159 kg/m?; Table 2). A sample size
of eight peatlands is not sufficient for statistical
analysis of drivers of these hiatuses. However, be-
cause our samples cover a variety of site types, a few
patterns emerged (Figure 4). Sites with the greatest
hiatus periods, Covington8 and Kings Lake, have
small watershed area:peatland area and generally
lower basal slope, from core base to peat edge. The
four kettle basins, as opposed to peatlands in fluted till
or outwash gravel, have less missing peat in hiatuses.

Regional organic matter accumulation
and hiatuses

The composite AOMAR record, calculated as the
robust (Huber) mean of all sites, shows a distinct

minimum between 9.5 and 6.5 ka (18-22 g/m?/year;
Figure 5(a)). The early Holocene minimum coin-
cided with a period of longer and more synchronous
hiatus events (Figure 5(b) and (c)). During 9.5—
6.5 ka, the mean estimated missing peat due to hi-
atuses (Figure 5(b)) was roughly equivalent to the
AOMAR. Uncertainty from the age-depth models,
portrayed as the grayscale background in
Figure 5(a), shows that low AOMAR was most
pronounced in the 1000 year following the Mazama
tephra, when four of seven sites have hiatus events
(Figure 5(c)). Before 9.5 ka, AOMAR is generally
high (>40-45 g/m?/year) though we have fewer sites
to contribute to the mean before 10.5 ka. After 7 ka,
AOMAR varied from 30 to 40 g/m?/year with
maxima at 4-3 ka and in the last millennium, while
the estimated missing hiatal peat was about 5-10 g/
m?/year.

The pollen record from Hall Lake (Figure 5(d))
provides a good overall general vegetation history of
the Puget Lowland similar to other sites in the region
(Cwynar, 1987; Leopold et al., 1982; McLachlan
and Brubaker, 1995; Sugita and Tsukada, 1982).
Pine pollen (likely shore pine, Pinus contorta var.
contorta), spruce (possibly Sitka spruce, Picea
sitchensis), and true firs (possibly Pacific silver fir,
Abies amabilis), decline at the start of the Holocene
(11.7 ka) and are replaced by Douglas-fir (Pseu-
dotsuga menziesii) and red alder (Alnus rubra).
Shortly following the Mazama tephra (7.6 ka), mesic
shade-tolerant taxa, including western hemlock
(Tsuga heterophylla) and western redcedar (Thuja
plicata, represented by Cupressaceae pollen) in-
crease, consistent with a cooler and wetter climate.

Chronology, pollen, and charcoal from
peat hummocks

The Kings Lake hummock radiocarbon chronology
consisted of five post-bomb radiocarbon dates, the
uppermost of which was out of chronological order
and not used in the age mode (Supplemental
Table 3). The Bacon age model followed the wig-
gles of the calibrated dates showing an accumulation
rate of 0.5 cm/year for the first several decades
(before 1990 CE) then increasing to 1.8 cm/year
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the references to colours in this figure legend, refer to the online version of this article.

over recent decades (Figure 6(f)). The 23 pollen
samples from the Kings Lake hummock had an
arboreal pollen accumulation rate mean and standard
error of 26,100 + 2700 grains/cm?/year with no
down-profile trend, suggesting it can be used to

interpolate ages down-profile (Middeldorp, 1982).
Applying this constant pollen accumulation rate to
the measured pollen concentrations at Evans Creek
resulted in an age at the 53-cm deep hummock base
of 1983 CE. A post-bomb radiocarbon date at 81 cm
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calibrates to ca. 1961 CE, consistent with an ex-
trapolation of the pollen-concentration age estimate.
At Shadow Lake, a radiocarbon date at 103 cm
calibrates to a trimodal probability distribution, the
youngest of the three spans is 1873—1915 CE. For
the pollen-concentration age estimate of the 97 cm
deep hummock base to reach this date, the pollen
accumulation rate was adjusted downward to
17,000 grains/cm*/year. The other five sites lack
pollen and charcoal analysis but have uppermost
radiocarbon dates consistent with these results.
Three sites have uppermost dates near the hummock
base suggesting a mean accumulation rate of 1.2 cn/

year (Table 1). At Trossachs and Wetland14, older
ages at a depth of 1 m (410 and 580 year, respec-
tively) are consistent with these samples being 12 cm
or 70 cm below the transition to high density peat.

The pollen and charcoal records reveal distur-
bances in the landscapes surrounding Shadow Lake
and Kings Lake, but not at Evans Creek (Figure 7).
The Shadow Lake pollen record begins at 1910 CE
with a peak in bracken fern spores (to 60% of the
terrestrial pollen sum), followed by a dramatic in-
crease in red alder from 10% to 70%, while conifer
trees declined, consistent with regional land clear-
ance. High charcoal concentrations (up to
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1200 particles/cm®) occurred between 1950 and
1970 CE, especially of large fragments >250 um.
The pollen-concentration estimated peat accumula-
tion rate varied from 1 to 2 cm/year. During the last
25 years Douglas-fir pollen increased from 3 to 15%
and red alder declined from 70 to 30%. At Kings
Lake, a large charcoal peak (800 pieces/cm’) dated
to 1975-1985 CE, also followed by an increase in
red alder pollen (20 to 50%). Evans Creek hummock
profile encompassed only 35 years and showed little
change with depth. Heath-family pollen was com-
mon at Evans Creek and Kings Lake (the latter
showing a single large peak) but rare at Shadow
Lake. Complete pollen diagrams are available in
Supplemental Figure 5.

Discussion

The overall peat stratigraphy found at our sites is
similar to earlier paleoecological studies in the re-
gion (Dachnowski-Stokes, 1930; Hansen and
Easterbrook, 1974; Leopold et al., 1982; Rigg,
1958). In contrast to these and many other peat-
land development studies (e.g., Ratcliffe et al., 2020;
Tolonen and Turunen, 1996; Xing et al., 2015), our
eight cores and age-depth modeling reveals a pre-
viously unrecognized history of hiatus events. Ad-
ditional radiocarbon dating may revise the hiatus
estimates, possibly reducing the length of these
hiatuses but also adding more shorter-term hiatuses
(Blaauw et al., 2018). Below we address the com-
posite pattern of peatland accumulation rates and
potential regional controls of this history
(i.e., climate and fire history), and the topographic
contexts that may have led to differences in peatland
history among the eight sites. We also address re-
cent, within-hummock, organic matter accumulation
to assess sensitivity of the peatland to the last century
of climate and land-use change.

Holocene climate and tephra effects on
peatland history
The apparent carbon accumulation rate, when av-

eraged over 0—6 ka and assuming ca. 50% C content
of organic matter, is 18 g C/m?/year. This is similar

to the mean long-term accumulation rates for
peatlands on Vancouver Island (Lacourse and
Davies, 2015; Lacourse et al.,, 2019) and in the
Colorado Rocky Mountains (Chimner et al., 2002)
but roughly half of that reported from temperate
peatlands in Europe and China (Charman et al.,
2015; Dong et al., 2023; Longman et al., 2021),
though there is much variability among temperate
peatland sites. Our accumulation rates are also
similar to regional accumulation rates of boreal
peatlands (Loisel et al., 2014; Yu et al., 2009).
Compared to other regional synthesis studies, our
long-term regional synthesis shows much greater
millennial-scale variability because we explicitly
modeled hiatuses. In addition, both the composite
age-depth relationship (Supplemental Figure 3) and
the trends in AOMAR at each site (Figure 3) are not
consistent with the continual slow rate of decay in
the lower anoxic layers of the peatland that would
produce concave age-depth profiles (Clymo and
Fogg, 1984) but are consistent with episodic hia-
tus events. The lower range of accumulation rates at
our sites (41 year/cm) is similar to the distribution
from Rigg’s (1958) sites (51 year/cm); this end of the
distribution differentiated between very slow accu-
mulation and hiatal events.

The 15 hiatuses comprise a significant proportion
(22%) of the total time represented in the eight
records. Among the eight sites, these hiatuses rep-
resent 3 to 160 kg/m” of organic matter for the last
6000 years alone that could have accumulated under
constant peat accumulation rates. We found mostly
asynchronous hiatuses, though there was a cluster of
five hiatus end-dates within 1500 years following the
Mazama tephra. Overall, the period from 9.5 to
6.5 ka had roughly half the accumulated peat
compared to the Late Holocene. Tephra deposition,
although only 1-6 cm remaining in the core, may
have affected peat accumulation. For example, a
study of peat stratigraphy in Japan shows tephra
deposition shifted vegetation composition from
Sphagnum to monocotyledon-dominance (Hughes
et al, 2013), and another study from Patagonia
showed tephra had transient impact via increased
decomposition (Mathijssen et al., 2019). A pollen
record for an area near our study sites showed a
major Mazama tephra impact on aquatic vegetation
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(Egan et al., 2016). Well-drained tephra may limit
Sphagnum reestablishment, but once it is estab-
lished, leachates from the tephra may enhance plant
growth and peat accumulation (Hughes et al., 2013;
Ratcliffe et al., 2020). While five sites had hiatuses
following Mazama tephra deposition, at Queens,
Kings Lake, and Wetland14 peat accumulation in-
creased for a short time (Figure 3). The deposition
and redeposition of ash likely had a heterogeneous
influence on our study sites.

Our hiatus estimates do not include the period
preceding peat initiation. Radiocarbon dates on
macrofossil (wood) samples in the region suggest
deglaciation occurred approximately 14.2 ka
(Haugerud, 2020). Cores at two of our sites, Shadow
Lake and Covington8, had basal blue-gray silty clay,
though their basal dates (12.2 and 10.4 ka, respec-
tively) significantly post-date the timing of degla-
ciation. Three other sites have basal ages between
11.5 and 12.2 ka. The site with the oldest basal date,
Echo Falls (14.1 ka; beyond axis limits on Figure 3)
is in a light brown silty sediment and is much closer
to estimated deglaciation and matches the oldest
basal peat age reported by Rigg and Gould (1957).
The basal blue-gray sediment indicates that several
study basins may have been small lakes or kettle
ponds following deglaciation, with wetland vege-
tation around the edge that eventually filled the lake
and formed the peatland. However, this process
would have taken thousands of years leading to the
relatively young basal peat ages from the middle of
the peatlands. In addition, the lack of recessional
moraines suggests that the Vashon glaciation ended
by ice stagnation (Haugerud, 2020). Buried ice
blocks may have persisted for long periods before
kettle basins formed and began accumulating peat
(Rigg and Gould, 1957). Gorham et al. (2007)
synthesized peatland initiation dates across North
America and found lags up to 4000 year and sug-
gested dispersal and establishment of ombrotrophic
bog taxa, climate change, and the potential role of
beavers contribute to the lag.

In addition to tephra impacts, climate during the
Holocene imparted trends in organic matter accu-
mulation via the occurrence of longer and more
synchronous hiatuses during the Early Holocene.
The Early Holocene in western Washington was

significantly drier than today due to increased in-
tensity of the Pacific Subtropical High (Kutzbach
et al., 1998). Holocene pollen records show a greater
relative abundance of drought-tolerant Douglas-fir
(Pseudotsuga menziesii) and disturbance-adapted
red alder (Alnus rubra), which increases after fire,
and reduction of mesic shade-tolerant taxa, such as
western hemlock (Tsuga heterophylla) and true firs
(Abies spp.; Brubaker, 1991; Gavin and Brubaker,
2015). This is illustrated by the major turnover in
forest species composition during the Holocene at
Hall Lake (Figure 5(d)), with more drought-tolerant
taxa dominating during the period of lowest AO-
MAR and highest hiatus impacts from 9.5 to 6.5 ka.
Gallego-Sala et al. (2018) showed that peatlands
occur above a threshold moisture index (annual
precipitation/annual potential evapotranspiration) of
approximately 0.8. Today, the Puget Lowland occurs
well above this threshold, with a moisture index of
1.7 (Abatzoglou et al., 2018). However, during the
Early Holocene, the moisture index may have been
closer to 0.8. A pollen-calibrated precipitation re-
construction for the Early Holocene near our site
suggests precipitation was ca. 60% that of today
(Brown et al., 2006) and summer insolation was 9%
greater during the Early Holocene, which would
have increased potential evapotranspiration. Bogs
490 km to the northwest on Vancouver Island also
show high carbon accumulation at the start of the
Early Holocene, decreasing to a minimum at 7 ka
(Lacourse and Davies, 2015), while our sites show
an earlier decline in AOMAR. Compared to northern
peatland average carbon accumulation history,
which peaks from 10 to 7.5 ka (Loisel et al., 2014),
the Puget Lowland peatland history is unique but
also consistent with regional Holocene hydroclimate
and tephra impacts.

Because of the drier climatic conditions, fire was
more common during the Early and Middle Holo-
cene (10 to 5 ka) than the Late Holocene in coastal
Pacific Northwest forests (Gavin and Brubaker,
2015). In the Puget Lowlands, severe fires led to
rapid vegetation change (Crausbay et al., 2017).
Future work could develop contiguous macro-
charcoal and other geochemical stratigraphies to
investigate the role of fire in causing some hiatuses
and determine whether the peat surface itself burned
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(Zaccone et al., 2014). Peatlands may be fire refugia
and burn at low severity if the water table remains
near the surface all summer and they do carry fire
(Kuntzemann et al., 2023). While some boreal
peatlands burn regularly, they are reported to regain
their carbon storage function 13 years post-fire
(Wieder et al., 2009). The peat accumulation rate
had little response to large charcoal peaks at Shadow
Lake and Kings Lake (Figure 7). The co-occurrence
of a more frequent and severe Early Holocene fire
regime and increased hiatuses and reduced peat
accumulation may both result from the drier summer
climate (Davies et al., 2023; Uhelski et al., 2023).

Topographic controls of peatland history

The eight study sites represent a range of peatland
sizes, watershed sizes, and topographic settings,
including kettle depressions, flutes in glacial till, and
outwash gravels (Table 1, Supplemental Figure 6).
Several patterns emerge in the peat accumulation
histories and hiatus occurrences with respect to these
site characteristics (Figure 4).

Small kettle depressions have few hiatuses. Three
kettle sites, Trossachs, Queens, and Evans Creek, are
each <15 ha in area with watershed area:peatland
area ratios >8 and lack long hiatuses. The one hiatus
at Evans Creek is poorly constrained by our ra-
diocarbon dates. A fourth kettle, Wetland14, is a
larger peatland, but like Echo Falls which also has
low hiatal loss, has a steep basal slope (core base to
peatland edge). It appears that sites with stronger
hydrological focusing due to a larger relative wa-
tershed area and steeper, well-defined basins, are less
likely to suffer hiatuses. A study of peat accumu-
lation in Poland also found that peatlands in kettles
have the greatest potential for peat accumulation
(Karpinska-Kotaczek et al., 2024). These sites may
be more likely to maintain stable water tables
through droughts. Of the four study kettles, Tros-
sachs and Wetland14 began as lakes and terres-
trialized in the Middle to Late Holocene followed by
the highest AOMAR of all the sites (>60 g/m*/year).
The surrounding topography may have effectively
supported accommodation space as the surrounding
water table rose with the accumulating peat body in
contrast to a growing peat body rising increasingly

higher above surrounding terrain. The Queens core
did not reach below the Mazama tephra and lake
sediment may occur at greater depths. Evans Creek
is the only kettle basin with a full Holocene peat
stratigraphy.

Peatlands that formed in fluted till contained
the greatest number or length of hiatuses. These
sites, Covington8, Kings Lake, and Echo Falls,
have elongated shapes reflecting the ice-contact
troughs formed by the Vashon Ice Sheet. The
Kings Lake area was also affected by glacial
outwash. Peatlands in these sites likely formed by
primary peat formation on wet mineral soil and
spread outward by paludification, as only a brief
period of limnic sediment exists at the base of the
Echo Falls core. Sustained by small watersheds,
the water tables at these sites may be the most
responsive to dry periods, leading to peat de-
composition. Such sites may also be susceptible to
fluvial erosion. Although there is little slope nor
gullies on the current peat landforms
(Supplemental Figure 6), the role of “bog bursts”
(sensu van Geel et al., 2014) in causing hiatuses
cannot be discounted.

The sites with the lowest AOMAR over the past
6 ka (Shadow Lake and Kings Lake) are adjacent to
lakes in which peat accumulation controls the lake
outlet. Peat accumulation at these two sites may have
raised the lake outlet elevation, as the peat cores
reveal Sphagnum or herbaceous peat currently at
depths well below the current lake level
(Supplemental Figure 6). In addition, the longest
hiatuses occurred at Kings Lake. These sites may
have had fluctuating water levels due to erosion at
the lake outlet.

Insights into peat hummock history

Pollen from the low-density hummocks indicate
rapid changes in taxon percentages that would not
exist if a large proportion of the pollen percolated
down the peat profile. Pollen assemblages in the
Pacific Northwest, like elsewhere, suffer from over-
representation of some taxa (e.g., Alnus and Tsuga)
and underrepresentation of other taxa (Abies,
Pseudotsuga) relative to their landscape abundance
(Gavin et al., 2005). However, the pollen
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assemblages appear sensitive to the composition of
upland vegetation surrounding each peatland and are
consistent with secondary succession following
logging; the records did not extend to before the
logging era.

The partially forested Shadow Lake site experi-
enced peak logging in the 1920s—1940s following
construction of the first county roads. This local
disturbance is marked by a large peak in bracken fern
pollen near the hummock base. The increase in alder
represents the opening of the forest canopy on up-
land areas around the peatland, and grass declined as
forested canopy increased. The charcoal peak in the
1950s occurred during the expansion of residential
development (Halgren et al., 2011). The high con-
centration of large charcoal particles suggests a local
fire, consistent with charred wood in the area, but we
did not detect an impact on peat accumulation. At
Kings Lake, located in a region of clearcut plantation
forestry, the charcoal peak was in the 1970s and is
consistent with clearcut logging near the peatland at
that time (Kunze, 1986; Lebednik and del Moral,
1976). The peat accumulation rate at this site, de-
termined by radiocarbon dating, has been increasing
since the charcoal peak. Peaks in heath-family
pollen, likely Labrador tea that dominates the site
today, may simply result from highly local pollen
deposition. At Evans Creek higher grass pollen
likely represents greater suburban development
around the site, otherwise the pollen record shows
little change over three decades.

If compaction was progressive down-profile in
the hummocks, we would expect to see increasing
down-profile pollen concentration and decreasing
accumulation rates. Indeed, this pattern was ob-
served at Kings Lake and Shadow Lake, both sites
with relatively tall hummocks compared to Evans
Creek (Figure 6), though this trend in accumula-
tion rates does not approach accumulation rates
during the Holocene, suggesting a more abrupt
transition below the analyzed depths. The age-
depth relationship at the base of the hummocks
(0.8 cm/year) versus in the consolidated peat near
the core tops (0.05 cm/year) suggests a sixteen-
fold increase in bulk density from the hummock
into consolidated peat assuming no additional
respirational loss. As sampling bulk density of the

heterogeneous hummocks is difficult, we cannot
estimate AOMAR within the hummocks to com-
pare to the consolidated peat.

Conclusions

The variety of peat accumulation histories at eight
sites in the Puget Lowlands of Washington state
agrees with other studies that found high variability
in peat accumulation patterns within a single region
(Dong et al., 2023; Longman et al., 2021). The long-
term rate of organic matter accumulation was similar
to nearby Pacific Northwest peatlands but lower than
most other lowland temperate peatlands. Hiatuses
are likely a major factor in peatland development in
topographically constrained sites with small water-
sheds. The warm and dry period 9.5 to 6.5 ka, clear
in the regional vegetation and fire history, resulted in
a nearly 50% lower accumulation rate than the Late
Holocene. More synchronous hiatuses, possibly also
affected by the 7.6 ka Mazama tephra, may explain
the lower accumulation rate. However, hiatuses also
occurred during the Late Holocene, and we cannot
rule out peat erosional events at some sites. Geo-
morphic setting, as it affects water-table sensitivity
to climate, may influence the likelihood of hiatuses.
The smallest peatlands in kettle depressions had
minimal hiatuses while those with shallow basins
and small watersheds had larger hiatuses. Despite
the hiatus occurrences, recent peat accumulation in
three studied hummocks shows little sensitivity to
recent warming or fires of the last century. Addi-
tional data from our cores, including testate amoe-
bae, species-level macrofossil identification, and
charcoal analysis, would aid in understanding these
accumulation-rate histories.
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