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Abstract

Forests in eastern North American did not achieve a sta-
ble composition during the Holocene. Both prolonged 
and abrupt shifts in the distributions of tree species were 
common. Studying the dynamics involved can help antici-
pate the responsiveness of forest biogeography to climate 
change today. Here, we evaluate changes in two > 12,000-
year fossil pollen stratigraphies from the Appalachian 
Plateaus Province, Pennsylvania. They show repeated epi-
sodes of forest turnover following the widespread collapse 
of hemlock (Tsuga canadensis) populations at ca. 5000 
years before present (YBP), which locally coincided with 
severe drought and rapid warming of 1.1 °C (0.9–1.3 °C) 
indicated by lake-level changes and geochemical proxies. 
The subsequent vegetation changes from 5000-2500 YBP 
included abrupt declines in birch (Betula spp.) and beech 
(Fagus grandifolia) and a series of unique forest phases 
each lasting 300–500 years in association with unique 
combinations of temperature and moisture. Emergent com-
munities included the resurgence of oak (Quercus spp.) 
and white pine (Pinus strobus), which had been important 
several thousand years earlier. Two oak maxima at 4800-
4250 YBP and 3800-3200 YBP mark northward shifts in the 
northern-temperate forest ecotone known as the “Tension 
Zone” during the warm-dry phase that coincided with low 
hemlock abundance. The changes, like those elsewhere 
along the ecotone from Ontario to Massachusetts, differ 
from successional or stochastic dynamics that might have 
been expected after the hemlock decline. Instead, the for-
est histories included abrupt changes, short-lived commu-
nities and asynchronous changes across sites consistent 

with the interaction of: a) individualistic species’ climate 
niches and b) multiple scales of climate variation.

Highlights

•	 Repeated episodes of abrupt change reveal the sen-
sitivity of Appalachian forests to climate change 
during the past > 11,000 years.

•	 Two fossil pollen records from Pennsylvania show 
that the abrupt changes produced distinctive phases 
of forest composition lasting 300–500 years.

•	 An abrupt range-wide decline in hemlock (Tsuga 
canadensis) about 5000 years before present coincid-
ed locally with drought and rapid warming of ~ 1 °C.

•	 Additional abrupt declines in beech (Fagus grandi-
folia) and birch (Betula spp.) followed the hemlock 
decline and were followed, in turn, by increases in 
taxa like oak (Quercus spp.) and white pine (Pinus 
strobus) consistent with shifts in regional vegetation 
gradients and ecotones.

•	 The patterns of forest turnover differ from examples 
of post-disturbance succession, but conform with 
simulated interactions of climate change and spe-
cies’ climate niches.
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Introduction
Paradoxically, abrupt forest changes (< 500 yrs) were 
common during the ostensibly ‘stable’ climates of the 
Holocene Epoch of the past 11,700 years (Shuman et al. 
2009; Seddon et al. 2015). Evaluating the processes that 
shaped these abrupt changes can help to anticipate future 
ecosystem outcomes of anthropogenic climate change 
(Williams et al. 2011; Jackson and Blois 2015). Fossil pol-
len stratigraphies from the northeast U.S. (Fig. 1) provide 
a particularly useful case because they document a rich 
sequence of forest changes, which developed in the con-
text of millennial and centennial climate variability (Davis 
1969; Watts 1979; Gaudreau and Webb 1985; Oswald et al. 
2020). The variability induced continuous changes in for-
est communities consistent with definitions of a ‘dynam-
ic equilibrium’ (Webb III 1986; Blonder et al. 2017): forest 
turnover was rapid compared to climate trends and yielded 
compositional changes that were quantitatively similar to 
those across geographic climate gradients today (Prentice 
et al. 1991; Shuman et al. 2019). However, the details of the 
stratigraphies also indicate centennial-scale variations, in-
cluding abrupt tree declines (e.g. Davis (1981); Clifford and 
Booth (2015)), which may reflect the interactions between 
intrinsic forest processes like disturbance and succession 
and externally-driven responses to the regional climate his-
tory (Fuller 1998; Williams et al. 2011; Shuman et al. 2019). 
The short-lived changes also altered first-order biogeo-
graphic patterns such as the north-eastern U.S. forest eco-
tone, known as the ‘Tension Zone,’ between northern hard-
woods and conifers (green-yellow in Fig. 1) and southern 
oak-hickory (Quercus-Carya) forests (tan in Fig. 1) (Cogbill 
et al. 2002; Thompson et al. 2013; Paciorek et al. 2016).

The north-eastern Tension Zone has a dynamic Ho-
locene history related to climate changes, disturbance 
and species migration (Bernabo and Webb 1977; Fuller 
et al. 1998; Foster et al. 2002; Thompson et al. 2013; 
Oswald et al. 2018). Changes affecting the ecotone in-
cluded a rapid, range-wide decline of the eastern hem-
lock (Tsuga canadensis) populations (yellow, Fig. 1). 
The decline at ca. 5000 years before present (YBP) has 
been well studied and debated and explanations for it 
range from disease to temperature shifts (Davis 1981; 
Allison et al. 1986; Calcote 2003; Foster et al. 2006; 
Booth et al. 2012; Shuman et al. 2023). Additional, po-
tentially related, centennial-scale variations in forest 
composition followed the hemlock decline at Tension 
Zone sites from Massachusetts to Ontario (Fuller 1998; 
Oswald et al. 2007; Oswald et al. 2018). Hypotheses 
about the causes of these forest changes have not been 
thoroughly examined.

First, the range-wide hemlock decline, regardless of 
its cause, may have initiated successional dynamics 
across the region, which would appear as distinct cen-
tennial-scale forest phases in Holocene pollen records 
(Fuller 1998). Such phases may also represent indepen-
dent impacts of forest diseases (Allison et al. 1986), in-
sect outbreaks (Anderson et al. 1986; Bhiry and Filion 
1996), extreme weather events (Foster and Boose 1992; 
Pederson et al. 2014) and human use of wildfire (Maenza-
Gmelch 1997; Nowacki and Abrams 2008; Nowacki and 
Abrams 2015). Evidence of such disturbances is often 
not present (Foster et al. 2006; Oswald et al. 2016; Os-
wald et al. 2020), but sequences of compounded large 
disturbances could have generated centennial-scale for-
est phases by triggering asynchronous abrupt declines 

Figure 1. Historic distributions of forests with > 20% oak (tan), pine (blue), beech (green) or hemlock trees (yellow) in the northeast 
U.S. Locations of fossil pollen (circles) and lake level (blue triangles) study sites discussed here are also shown. Intermediate colours 
(purple, light green) represent mixtures of taxa. The focal study sites are shown in bold with filled black circles. NLP refers to New Long 
Pond. Tree distribution data from Paciorek et al. (2016).
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with the most sensitive taxa (e.g. hemlock) declining im-
mediately, followed later by other taxa stressed by previ-
ous events (Paine et al. 1998; Turner et al. 2019). Large 
disturbances in sequence can, in this way, disrupt the 
emergence of a ‘steady state’ in the regional forest mo-
saic (Baker 1989; Turner et al. 1993). If so, the changes 
should be inconsistently related to climate, comparable 
to known examples of disturbance and succession and 
spatially heterogeneous like disturbance.

Alternatively, the centennial changes in forest com-
position may represent ecological ‘random walks’ driven 
by neutral ecological dynamics that allow tree popula-
tions to rise and fall as a result of temporally autocor-
related demographic processes (Clark and McLachlan 
2003; Blaauw et al. 2010; Ramiadantsoa et al. 2019). 
Stochastic extreme events and autoregressive popula-
tion processes likely create complex forest trajectories 
at forest stand scales, which may scale up to produce 
centennial-scale regional outcomes contingent on the 
sequence of events rather than closely tracking the 
shifting mean climate (Jackson et al. 2009; Pederson et 
al. 2014; Ramiadantsoa et al. 2019). If so, the changes 
should show no predictable sequence and weak correla-
tions across broad geographic scales (Clark and Mc-
Lachlan 2003; Blaauw et al. 2010).

Finally, the forest changes could represent the inter-
action between species’ climate niches (Prentice et al. 
1991; Williams et al. 2006) and centennial-to-millennial 
climate fluctuations (Yu et al. 1997; Foster et al. 2006; 
Li et al. 2007; Marsicek et al. 2013; Shuman and Bur-
rell 2017; Shuman et al. 2019; Shuman et al. 2023; Ste-
fanescu et al. 2023). Centennial forest variability, even 
including abrupt tree declines, could arise at the scale 
of landscapes (pollen source areas) from the dynam-
ic equilibrium between the fluctuating regional climate 
and the shifting mosaic of forest stands with different 
edaphic, disturbance and population histories, i.e. the 
mean outcome of many individual forest stands may 
closely track the mean climate trends as determined by 
species climate niches (Webb III 1986; Prentice et al. 
1991; Shuman et al. 2019). Time scale matters, howev-
er (Fastovich et al. 2025). Over decades, locally-adapted 
population responses to climate may be muted and vary 
geographically (Perret et al. 2024), but over centuries, 
shifts in populations and genotypes can converge on 
outcomes consistent with species’ range-wide climate 
relationships (Davis and Shaw 2001; Blois et al. 2013; 
Shuman et al. 2019). Even at intermediate timescales, 
transient vegetation changes may trend towards equilib-
ria between tree abundances and climate, even if they 
do not fully achieve it (Webb III 1986). In this case, the 
changes should show spatiotemporal patterns consis-
tent with independent palaeoclimate records and form 
sequences consistent with climate niches today.

Here, we consider the relevance of these end-mem-
ber hypotheses to centennial-scale forest variation and 
find evidence that climate-niche interactions shaped re-
peated abrupt tree declines near the Tension Zone in the 

Appalachian Plateau Province of Pennsylvania. We focus 
on forest changes from 5000-2500 YBP when the hemlock 
decline and related changes took place (Davis 1981; Fuller 
1998; Foster et al. 2006; Shuman et al. 2023). For context, 
we use simple one-dimensional heuristic simulations to 
demonstrate changes that could have arisen from the in-
teraction of species climate niches and lagged responses 
to Holocene climate variability. We then identify the pat-
terns of forest turnover in two new fossil pollen stratigra-
phies, which we compare with palaeoclimate records and 
examples of known successional changes.

Study sites

The two study sites, Blanding Lake and Sunfish Pond, sit 
within the highlands of Pennsylvania (Fig. 1). Both are lo-
cated near the Tension Zone in forests populated since 
at least the 18th century by hemlock, beech (Fagus gran-
difolia), multiple maple species (Acer spp.) and various 
birches (Betula spp.) (Cogbill et al. 2002; Thompson et 
al. 2013; Paciorek et al. 2016). Blanding Lake (41.798°N, 
75.676°W, 454 m elevation, 4.8 ha, 555 cm maximum 
water depth) is one of many similar-sized lakes located 
amidst rolling hills and steep-sided valleys of the Dela-
ware-Neversink Highlands in Susquehanna Co., Pennsyl-
vania (Sevon 2000). July temperatures at the lake cur-
rently (1991–2020 CE normals) have a mean of 20.0 °C, 
while January has a mean of -5.7 °C; mean annual tem-
perature and precipitation equal 7.5 °C and 1175 mm, re-
spectively (PRISM Climate Group 2022). The landscape 
surrounding Blanding Lake contains a nearly even mix 
of managed deciduous forests and cleared agricultural 
areas. The lake itself sits within a small primarily forest-
ed watershed (45 ha) defined by hills and ridges reach-
ing to ~ 500 m elevation above sea level. Previous work 
showed that the lake level fluctuated repeatedly since 
the lake’s formation ca. 15,000 YBP with low water epi-
sodes from ca. 12,000-9000, 5500-3800 and 2800-2000 
YBP (Shuman and Burrell 2017).

Sunfish Pond (41.644°N, 76.697°W, 635 m elevation, 
11 ha, 585 cm maximum depth) is a glacially formed 
lake, located on a ridge crest in the Allegheny Moun-
tains in Bradford County, Pennsylvania. The 1.1 km2 

watershed drains an area of low relief on top of LeRoy 
Mountain within the Glaciated High Plateau Region 
(Wood et al. 1911; Sevon 2000). Steep, northwest fac-
ing mountain slopes north of the lake descend > 300 m 
in elevation in < 2 km to reach the Low Plateau region 
crossed by the Susquehanna River. European settlement 
of Bradford County around Sunfish Pond dates to 1760 
CE, but human population density remained low near the 
lake allowing the creation of Pennsylvania State Game 
Management Lands to conserve the lake watershed and 
surrounding areas as forest (Wood et al. 1911).

The local climate is similar to that at Blanding Lake with 
mean annual, July and January temperatures of 7.5, 19.9 
and -5.5 °C, respectively, and mean annual precipitation 
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of 1140 mm (PRISM Climate Group 2022). However, an-
ti-phased precipitation variations at Sunfish Pond and 
Blanding Lake can result because a rainshadow extends 
behind the eastern Appalachian ridges between the two 
lakes (Brady and Waldstreicher 2001; PRISM Climate 
Group 2022) and the North Atlantic Oscillation and other 
dynamics alter the inland extent of storm tracks and cy-
clogenesis (Bradbury et al. 2003; Chartrand and Pausata 
2020). Sunfish Pond experienced a history of Holocene 
water-level changes that differed in detail from that at 
Blanding Lake, including low-water phases at ca. 10,000–
8000 and 5800-3800 YBP (Ray-Cozzens 2022).

Soils also differentiate the two lakes. The Volusia-Mor-
ris soil series, a group of deep, moderately drained soils 
in loamy till, surround Blanding Lake (Reber 1973), which 
occupies a depression within the Pleistocene Orlean Till 
over sandstones of the Devonian Catskill Formation (Berg 
et al. 1980; Sevon and Braun 1997; Braun 2004). At Sun-
fish Pond, however, only thin glacial till and scattered gla-
cial erratics cover the underlying bedrock, composed of 
the Pottsville Formation, a grey sandstone and conglomer-
ate (Myers 1954). The local Lordstown soil series is com-
posed of well-drained soils formed in till and cryoturbat-
ed fragments of the underlying siltstone and sandstone 
(USDA Natural Resources Conservation Service 2016).

Materials and methods
Simulations

Simple models can focus on specific processes and 
clarify the implications of a hypothesis even when they 
do not capture the details critical for specific ecological 
predictions (e.g. Davis and Botkin (1985); Turner et al. 
(1993); Blaauw et al. (2010); Calder and Shuman (2017); 
Ramiadantsoa et al. (2019)). Here, we simulate three ide-
alised taxa and their dynamic responses to decadal to 
multi-millennial climate variations. We do so to demon-
strate how species’ climate niches might shape centen-
nial-scale vegetation responses to climate at the land-
scape scale. Most niches exist in multiple dimensions 
defined by seasonal temperatures and moisture avail-
ability (Williams et al. 2006), but for our purposes, we 
simulate a simplified niche for our idealised taxa based 
on a single arbitrary ‘climate’ index (Fig. 2A–C). Simi-
lar models including multiple driving variables produce 
comparable outcomes (Blaauw et al. 2010).

The underlying premise derives from theory and ob-
servations about climatic niches: processes from re-
generation to competition define a unimodal climatic 
optimum for most tree species (Grubb 1977; Prentice 
et al. 1991; Peterson et al. 2011). The interaction of the 
suite of niche-defining processes with climate varia-
tions drives fluctuations in tree abundances consistent 
with the emergent unimodal climate optima. Howev-
er, processes like persistence of mature individuals, 
growth of new recruits and succession can delay the 

climate-driven expectations; these lagging processes 
create transient communities that emerge on century 
scales as forests chase a dynamic equilibrium with the 
non-stationary climate (Webb III 1986).

Our dynamic equilibrium-niche model representing 
these concepts includes two key equations, calculated in R 
(R Core Development Team 2022). First, each pseudo-spe-
cies has an abundance that is (in this simplified model) 
deterministically based on the climate index at time T (Ct), 
such that, between two limits (Cmin, Cmax), the abundance 
represents a single sine wave with a fixed mode (Cmode) 
and breadth (Cbreadth):

	 (1)

When the value of the climate at any point in time (Ct) falls 
outside of the two limits, the abundance (At) becomes zero.

Second, to account for the lagging changes, we apply 
the concept of an ‘e-folding’ response time (λ), which rep-
resents the amount of time for ~ 63% of the response to 
develop (Webb III 1986):

λ 	 (2)

Here, AT and AT-1 represent the actual abundances at time 
T and T-1 and At represents the potential abundance de-
termined by the niche at time T from equation 1. The time 
step of the model (t) used here is 20 years. We use 75 
years for λ to approximate successional time scales (i.e. 
the duration of the first 63% of the changes) in Appala-
chian deciduous forests. As near-equilibrium (99% of the 
potential change) would require five e-folding times, tran-
sient dynamics dominate over timescales of up to 375 
years (see also Fastovich et al. (2025)).

We apply the model to three pseudo-species with dif-
ferent climatic modes spread across a climate gradient 
spanning the magnitude of a synthetic 8000-year climate 
trend. We added a millennial oscillation and a second, 
smaller multi-century oscillation (i.e. two sine waves) 
to the trend (black line, Fig. 2D), as well as stochastic 
decadal variability (black lines, Fig. 2E, F). For compari-
son, we generated a first simulation without the stochas-
tic decadal variability and then two different simulations 
representing different ‘sites’ with the same mean climate 
trend and oscillations, but different decadal variability 
(black and red lines, Fig. 2E, F). The stochastic decadal 
variability primarily represents atmospheric variability, 
but could be considered to include site-level microcli-
mate variations shaped by local disturbances and other 
forest ecosystem processes. Although the decadal vari-
ability is randomly drawn from a normal distribution, the 
simulated species responses are entirely deterministic 
following equations 1 and 2. The model, thus, represents 
an extreme, simplified form of the dynamic equilibri-
um-niche model, which we contrast with the two new pol-
len records from Sunfish Pond and Blanding Lake.
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Sediment core analyses

Cores were collected from the deepest point within each lake 
in 2015 from a floating platform using a hand-driven piston 
corer. Core sections were retrieved in sequential sections 
through the entire thickness of lake sediment in 1-m long, 
70-mm diameter plastic tubes. The sections were refriger-
ated upon arrival at the University of Wyoming where they 
were split and sub-sampled in contiguous 1-cm intervals. All 
sub-samples were analysed for loss-on-ignition (LOI) at 550 
°C for 2 hrs to estimate organic content (Shuman 2003).

Core chronologies were developed by sieving sub-sam-
ples to obtain macroscopic charcoal fragments for radio-
carbon analyses. However, the Sunfish Pond core con-

tained insufficient charcoal and 1–3 cm3 bulk sediment 
samples were analysed instead because the sediment was 
organic-rich and contained no carbonates, which are also 
absent from the watershed. Charcoal samples were ana-
lysed by the W. M. Keck Carbon Cycle Accelerator Mass 
Spectrometer Facility at the University of California, Irvine 
and bulk sediment samples by National Ocean Sciences 
Accelerator Mass Spectrometry at the Woods Hole Ocean-
ographic Institution. Resulting radiocarbon ages were cal-
ibrated using Intcal20 (Reimer et al. 2020) and age-depth 
models were generated using bchron (Haslett and Parnell 
2008; Parnell et al. 2008). Resulting sample ages were 
compared across the two sites, to assess the quality of 
bulk sediment ages and detect outliers, by contrasting 

Figure 2. Simulations of the 8000-year histories of three pseudo-species (A–C), based on deterministic responses to synthetic cli-
mate histories (D–F). The responses are governed by the pseudo-species’ sine-form climate response curves (A–C). Black lines in 
D–F represent the ‘climate’ history used to drive each set of calculations; red lines in E, F show the trend and oscillations (same as in D) 
underlying the synthetic histories, which also include two different sets of stochastic decadal variability at the two different ‘sites’ rep-
resented in E, F. Coloured shading shows outcomes from equations 1 and 2 for each pseudo-species: A (green), B (tan) and C (blue). 
Time progresses from 8000 years to year 0 to parallel the Holocene datasets.
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the timing of regionally significant features in their birch 
(Betula) and hemlock (Tsuga) pollen stratigraphies.

Pollen was processed and counted from selected 
sub-samples using standard techniques (Fægri et al. 
1992). Samples were initially selected in each core at 
15–20 cm intervals to provide ~ 300-yr sample spacing, 
based on the chronologies. Additional subsamples were 
added to the Sunfish Pond core from 8000-2800 YBP to in-
crease temporal resolution to < 130 yrs between samples. 
The samples were processed at the University of Wis-
consin-Madison and then mounted on slides and count-
ed under 40x magnification at LacCore at the University 
of Minnesota. On average, 500 individual palynomorphs 
were counted from each sample. Pollen percentages were 
calculated from the sum of terrestrial pollen types.

Constrained cluster analysis (CONISS) (Grimm 1987) was 
used to determine the location of major changes in the pollen 
assemblages within each stratigraphy; stratigraphically adja-
cent clusters were determined using Bray-Curtis dissimilarity 
amongst the percentages of taxa with > 2% representation. 
The analysis was conducted using chclust in the rioja pack-
age in R and significance of the breaks were tested using 
bstick and plotted using riojaPlot (R Core Development Team 
2022; Juggins 2024). Low-frequency variations in the time 
series of individual taxa were estimated using the loess func-
tion in base R to create a 5000-yr moving-window smoother.

To constrain the local temperature history for compari-
son with the pollen stratigraphies, lake-level histories and 
regional temperature reconstructions, temperature-sensi-
tive lipids from the membranes of bacterial cells, known as 
branched glycerol dialkyl glyercerol tetraethers (brGDGTs), 
were extracted and analysed in the same samples as the 
pollen from Blanding Lake. Extraction and analysis of brG-
DGTs at the University of Wyoming followed the protocols 
of Stefanescu et al. (2021, 2023), consistent with stan-
dardised methods (e.g. Hopmans et al. (2016); Raberg et 
al. (2021)) and validated as part of a large inter-lab com-
parison (De Jonge et al. 2024). The free lipid component of 
freeze-dried sediment was extracted using a Dionex Accel-
erated Solvent Extractor (Stefanescu et al. 2023) and then 
analysed by utilising an Agilent 1200 HPLC and Thermo 
Orbitrap (Q-Extractive-HF X) mass spectrometer with an 
Atmospheric Pressure Chemical Ionisation (APCI) source. 
Mean temperature above freezing (MAF) was reconstruct-
ed from the brGDGT abundances using calibrations, based 
on both the MBT’5me index (Martínez-Sosa et al. 2021) 
and the sub-set of brGDGTs expressing temperature-relat-
ed methylation (the ‘meth set’; Raberg et al. (2021)).

Results
Simulations

Our simulations demonstrate how several features of 
Holocene forest histories could develop from the inter-
action of species’ climate niches and multiple scales of 
climate variability (Fig. 2):

1.	 Sequences of abrupt tree declines (and increas-
es), which can be at least as fast as the driving 
climate forcing;

2.	 Development and repetition of short-lived phases 
dominated by different taxa; and

3.	 Differences amongst sites despite consistent, un-
derlying low-frequency changes.

In the simulations, taxon A dominates at high ‘climate’ in-
dex values (green, Fig. 2A), taxon B at intermediate values 
(tan, Fig. 2B) and taxon C at low values (blue, Fig. 2C). Conse-
quently, a long-term trend causes taxon C (blue) to dominate 
for the first two millennia, followed by taxon B (tan) and then 
finally, taxon A (green). Additional millennial and centennial 
fluctuations in the abundance of the three taxa also interrupt 
and, at times, reverse the major vegetation phases. For ex-
ample, taxon A (green) briefly increases from ca. 6000–4500 
years, declines from ca. 4500–2500 years and then becomes 
dominant in the last 2500 years (Fig. 2D). Each pseudo-spe-
cies also has a large decline between 6500–4000 years: tax-
on C (blue) at ca. 6500 years, taxon A (green) at ca. 4500 
years and then taxon B (tan) at ca. 4000 years (Fig. 2D).

The stochastic decadal ‘climate’ variability creates two 
additional effects (Fig. 2E, F). First, abrupt declines and in-
creases, such as exist in many pollen records (e.g. Booth 
et al. (2012); Schlenker et al. (2024)), emerge when the 
added decadal variability interacts with the asymptote of 
each response curve to accentuate the rates of change, 
such as when taxon B collapses rapidly at ca. 4500–4000 
years (tan, Fig. 2E). Second, because the decadal variability 
differs between the two stochastic experiments, the timing 
of abrupt changes and even the presence (or not) of short-
lived peaks in the abundance of the taxa, differs (Fig. 2E, F). 
For example, at the first experimental ‘site’, taxon A (green) 
and taxon B (tan) both decline abruptly when taxon C (blue) 
increases rapidly at ca. 4500 years (Fig. 2E). At the second 
‘site’ (Fig. 2F), however, taxon A (green) declines faster than 
B (tan) and faster than the underlying ‘climate’ change (red 
line in Fig. 2F), consistent with some observations of veg-
etation changes leading their climatic driver (Williams et 
al. 2002; Booth et al. 2012). Large disturbances, ecological 
random walks and palaeoecological sampling errors could 
potentially produce similar abrupt changes and stochastic 
differences amongst sites (Shane 1989; Blaauw et al. 2010; 
Calder and Shuman 2017), but the simulations demonstrate 
that deterministic responses to climate variations can also 
produce such features. If they did, pollen records showing 
these features should correlate with climate history in a 
manner consistent with the underlying climate niches.

Sediment cores and chronologies

To evaluate these expectations and the history of the Tension 
Zone, sediment cores that are 930- and 785-cm long were 
collected from Blanding Lake and Sunfish Pond, respectively.

Nine calibrated radiocarbon ages (Table 1) form the 
basis of the Blanding Lake chronology; a tenth date 
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from the centre of the core (> 19,000 YBP) appears out 
of sequence (Fig. 3A). All ages derive from macroscop-
ic charcoal. The bchron chronology provides regional-
ly consistent ages of two widespread biostratigraphic 
features: 1) a peak in birch pollen percentages of > 30% 
at 12,500 YBP (13,520-10,900 YBP, 95% C.I.), which is 
widely documented (Gaudreau and Webb 1985 Mayle 
et al. 1993) and typically dates to 13,000-12,500 YBP 
(Shuman et al. 2009) and 2) the mid-point of the mid-Ho-
locene hemlock decline from 27% to 8% at 5050 YBP 
(5640-4950 YBP, 95% C.I.), which compares well with 
regional age estimates of 5280 ± 180 YBP (Shuman 
et al. 2009) and 5025 YBP (5160-4895 YBP, 95% C.I., 
Booth et al. (2012)).

The Sunfish Pond chronology has several complica-
tions. Six calibrated radiocarbon ages were accepted for 
the final bchron chronology (Fig. 3B), but five additional 
ages were rejected either because they were out of strati-
graphic position or because they created old, regionally 
inconsistent ages for the late-Pleistocene birch peak 
(blue lines, Fig. 3) and the mid-Holocene hemlock decline 
(green lines, Fig. 3). All, but one, of the accepted ages 
derive from bulk sediment; the youngest age derives from 
macroscopic charcoal. The rejected ages have the same 
mix of bulk sediment (4) and charcoal (1) ages. The final 
chronology included assigning the age of the early birch 
peak from Blanding Lake in place of the oldest radiocar-
bon ages because these two bulk ages of 19,100 and 
42,500 YBP derive from the inorganic portion of the core 
and would cause the birch peak to have an unrealistically 
old age of ~ 14,000 YBP (Fig. 3B).

In the mid-Holocene, a bulk sediment age of 5400 YBP 
was also rejected (Fig. 3B) because it caused the hemlock 
decline to have an age of > 5700 YBP, which is > 500 years 
older than the decline at nearly all sites in the northeast 
U.S. (Shuman et al. 2009; Booth et al. 2012). The 5400 
YBP age derives from a sandy interval of the core and 
could include re-worked material. An adjacent 7400 YBP 
charcoal age also appears to indicate the presence of old 
carbon; removing these ages places the hemlock decline 
at 5070 YBP (5960-4490 YBP, 95% C.I.)

Pollen stratigraphies

The Blanding Lake and Sunfish Pond pollen stratigraphies 
track patterns of vegetation change consistent with those 
expected in the region (Watts 1979; Barnosky et al. 1988; 
Oswald et al. 2007). At both lakes, conifers dominate the 
earliest portion of the record (Figs 4, 5), including in as-
sociation with: 1) the regionally recognisable birch peak 
during the Younger Dryas (YD) chronozone (Gaudreau and 
Webb 1985: Barnosky et al. 1988: Peteet et al. 1990: Mayle 
et al. 1993) and 2) the subsequent phase when white pine 
(P. strobus) increased to > 40%, which is typical of the early 
Holocene in the region (Watts 1979; Shuman et al. 2009).

After ca. 10,000 YBP, different combinations of birch, 
beech, hemlock and oak dominate the pollen records 
along with pulses of white pine, hickory, ironwood (Ostyra 
and Carpinus), sugar maple (Acer saccharum) and chest-
nut (Castanea) (Figs 4, 5). Chestnut, birch, hemlock and 
diploxylon pines (P. banksansia, P. resinosa and P. rigida) 

Table 1. Radiocarbon ages from the Blanding Lake and Sunfish Pond cores.

Depth Thickness 14C age Uncertainty Calibrated age range
Lake Core (top cm) (cm) Material Lab number (YBP) (yr) Accepted 5% Median 95%

Blanding Lake 555 546 1 Core top -65 1
555 619 2 charcoal UCI-190318 625 45 550 601 658
555 679 2 charcoal UCI-190319 2225 35 2159 2228 2320
555 796 2 charcoal UCI-190320 3450 70 3578 3716 3858
555 873 1 charcoal UCI-190321 4280 20 4837 4847 4858
555 913 1 charcoal UCI-190322 4410 20 4891 4986 5036
555 1025 2 charcoal UCI-190323 16300 80 No 19534 19670 19852
555 1086 1 charcoal UCI-190324 7230 130 7842 8059 8292
555 1122 1 charcoal UCI-190325 7925 50 8631 8765 8963
555 1198 2 charcoal UCI-190326 8950 60 9913 10057 10206
555 1283 1 charcoal UCI-190327 12080 45 13809 13930 14038

Sunfish Pond 585B 585 1 Core top -65 1 -67 -65 -64
585B 671 1 charcoal OS-127540 650 20 563 588 657
585B 766 1 bulk sediment OS-161249 2940 20 3011 3102 3159
585B 796 1 bulk sediment OS-161250 3870 25 4187 4304 4397
585B 812 1 bulk sediment OS-161251 4650 30 No 5320 5404 5456
585B 838 1 charcoal OS-127541 6520 65 No 7317 7427 7549
585B 915 2 bulk sediment OS-161275 5710 25 6419 6488 6585
585B 962 1 bulk sediment OS-127542 6840 70 7587 7676 7814
585B 1060 1 bulk sediment OS-127543 9190 110 10208 10377 10602
585B 1060 1 bulk sediment OS-127544 9330 110 10290 10533 10941
585B 1108 1 bulk sediment OS-161276 1130 15 No 976 1014 1060
585B 1215 1 bulk sediment OS-127545 15650 280 No 18387 18962 19478
585B 1360 1 bulk sediment OS-127546 38600 5500 No 34290 42452 52388
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are all slightly more abundant at Sunfish Pond than at 
Blanding Lake. Additionally, pollen types representative 
of European land clearance (Ambrosia, Rumex and Poa-
ceae) appear in the upper 50 cm at Blanding Lake (Fig. 4), 
but are not important at Sunfish Pond where historic land 
clearance was limited (Fig. 5).

Mid-Holocene variability

During the mid-to-late Holocene (5000-2500 YBP), se-
quences of short-lived (millennial-to-centennial) phases 
of distinct composition developed at both lakes, beginning 
with the hemlock decline. In both records, the phases in-
cluded a sequence of maxima in the percentages of beech 
(> 30%), then oak (> 35%) and then white pine pollen (> 
15%), as well as in minor types such as sugar maple (4–
7%), hickory (> 2%), ironwood (3–4%) and chestnut (2–5%).

At Blanding Lake, low hemlock abundance after 5000 
YBP coincided with: 1) the highest abundance (> 30%) of 

beech; 2) renewed high abundance (> 25%) of oak and 3) a 
modest increase in white pine (> 10%) after several millen-
nia of near absence (Fig. 4). A series of short-lived peaks 
in abundance included oak at 4070 YBP, renewed hemlock 
(> 30%) at 3510 YBP, white pine (> 20% at 3260 YBP) and 
then oak (> 25%) again at 3250-3010 YBP. By 2500 YBP, 
oak and pine pollen percentages declined as birch pollen 
percentages rose to > 25%.

At Sunfish Pond, a similar mid-Holocene sequence of 
beech, oak and white pine also followed the hemlock de-
cline (Figs 5, 6). Important patterns include:

1.	 maximum beech and birch pollen percentages (28–
35%) from 5070-4810 YBP;

2.	 near-zero minima in white pine, ironwood and chest-
nut pollen percentages at the same time, even 
though they had briefly risen to 2–5%, respectively 
before 5070 YBP;

3.	 an abrupt transition from beech and birch to oak and 
hickory by 4620 YBP; and

4.	 an abrupt transition from oak and hickory to white 
pine and renewed hemlock by 4240 YBP (Fig. 6).

The Sunfish Pond stratigraphy includes both low-fre-
quency, millennial-scale maxima and multi-century peaks 
that depart from the slow trends (Fig. 6). Low-frequency 
maxima represented by loess smoothers include broad 
maxima in oak (4810-3300 YBP), hickory (4910-3300 
YBP), ironwood (4470-3420 YBP) and then white pine and 
chestnut (4690-2790 YBP). The superimposed multi-cen-
tury peaks produced five distinct phases (Fig. 6): 1) birch 
and beech (5100-4800 YBP); 2) oak, hickory and chestnut 
(4800-4250 YBP); 3) white pine, hemlock and ironwood 
(4250-3800 YBP); 4) oak and white pine (3800-3200 YBP) 
and 5) chestnut (3200-2800 YBP).

Comparison with temperature and 
moisture histories

The major features of the two pollen records correspond 
with a series of climate changes indicated by the lake-lev-
el reconstructions (Shuman and Burrell 2017; Ray-Cozzens 
2022), regional temperatures inferred from other pollen re-
cords (Shuman 2024) and the brGDGTs from Blanding Lake 
(Fig. 7). For example, hemlock pollen percentages correlat-
ed with the lake-level histories since 11,000 YBP (Pearson’s 
product moment correlations, r = 0.45 and 0.37 at Blanding 
and Sunfish, respectively). At both lakes, the hemlock de-
cline coincided with a pronounced drop in water levels by 
4800 YBP. Hemlock’s history differed, however, between 
sites according to their hydrologic differences. Hemlock 
increased at Sunfish during high water from 11,700-10,000 
YBP (vertical grey bar, Fig. 7A) before it increased at Bland-
ing, which experienced low water until ca. 10,000 YBP (verti-
cal grey bar, Fig. 7B); these early-Holocene water level differ-
ences also correspond with higher white pine and lower oak 
pollen percentages before 10,000 YBP at Blanding (drier) 

Figure 3. Age-depth relationships, calibrated radiocarbon dates, 
loss-on-ignition (LOI) profiles of the lake cores. Data are plotted 
by depth below the top of each core and hemlock (green) and 
birch (blue) pollen percentages by age for: A. Blanding Lake; B. 
Sunfish Pond. Closed circles indicate radiocarbon ages based on 
charcoal; open circles indicate ages derived from bulk sediment. 
Grey symbols indicate rejected ages and grey hemlock and birch 
pollen percentage lines represent the chronology with rejected 
ages included. Vertical lines mark the Younger Dryas-aged birch 
peak and the mid-Holocene hemlock decline. Black lines show the 
median and 95% range of sample ages estimated using bchron.
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than at Sunfish (wetter; bottom row, Fig. 7). Hemlock pollen 
percentages rose to > 30% by 8000 YBP at Blanding, but not 
until after 7000 YBP at Sunfish where water levels rose later. 
Finally, short-lived peaks during the post-decline recovery of 
hemlock also track the site-specific moisture histories with a 
more progressive recovery at Sunfish than Blanding (Fig. 7).

Temperatures inferred from the brGDGTs from Bland-
ing Lake (red lines, Fig. 7B) correlate with a pollen-inferred 
temperature reconstruction predicated on vegetation re-
sponses to temperature across mid-latitude eastern North 
America (Shuman 2024) (grey lines, top row, Fig. 7); Pear-
son’s product moment correlation, r, equals 0.51 (0.31–

Figure 4. Summary pollen percentages from Blanding Lake. Horizontal lines represent the significant breaks (zones), based on the 
Bray-Curtis CONISS clustering at right. Tan shading highlights the interval from 5000-2500 YBP. Depths represent depth below the 
water surface. Taxa shown have a total sum of percentages across all samples that exceeds 20%.

Figure 5. Summary pollen percentages for Sunfish Pond. Horizontal lines represent the significant breaks (zones), based on the 
Bray-Curtis CONISS clustering at right. Tan shading highlights the interval from 5000-2500 YBP. Taxa shown have a total sum of per-
centages across all samples that exceeds 20%.
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0.56 depending on the brGDGT calibration). Vegetation 
lags can be calculated as differences between pollen-in-
ferred and independent (brGDGT) estimates of Holocene 
temperatures (Blonder et al. 2017; Shuman et al. 2019), 
but few significant differences exist between the two re-
constructions (none since > 7000 YBP; Fig. 7B). The medi-
an difference of 0.04 °C (-0.71 - 0.92 °C, 95% C.I.) reveals 
no detectable lags, although one outlier brGDGT sam-
ple from 1174 YBP yields a temperature anomaly below 
-3.5 °C (> 4 standard deviations from the Holocene mean) 
and has been omitted here.

The brGDGTs indicate: 1) substantial warming before 
10,000 YBP associated with increases in oak at Blanding 
and hemlock at Sunfish; 2) a transition between millen-
nial-scale cool and warm phases at 5150-4880 YBP as 
hemlock declined; and 3) cooling after 2100 YBP as birch 
increased. The specific details depend upon the brGDGT 
calibration and some extreme variations with inconsis-
tent calibrations may relate to non-temperature effects 

(Harning et al. 2025; Raberg et al. 2025), but the tem-
perature changes also track those in the western North 
Atlantic Ocean (Shuman and Stefanescu 2025) and in 
other regional palaeotemperature indicators, including 
oxygen isotope ratios from Indiana (orange line, top row, 
Fig. 7A) (Gibson et al. 2024).

Locally, brGDGTs indicate that hemlock declined when 
mean temperatures above freezing (MAF) rose by ~ 1.1 °C 
(0.9–1.3 °C depending on the calibration) between 5150 
(5300-5090) and 4880 (4890-4870) YBP; the same sam-
ples record the warming and the decline (black circles in 
Fig. 7B). The warming is also consistent with the hemlock 
decline where it has been closely dated elsewhere at 5025 
(5160-4895 YBP; Booth et al. (2012)). The post-decline 
phase of peak birch and beech at Sunfish (phase 1, Fig. 
6) preceded the subsequent maximum temperatures after 
4880 YBP, which corresponded instead with high oak pol-
len percentages from ca. 4800-4200 YBP (phase 2 in Fig. 
6). White pine peaked later as moisture increased, but then 

Figure 6. Sunfish Pond pollen percentages plotted by time. Loess smoothers (thick black lines) were fitted with 5000-yr spans. Vertical 
grey lines mark 11700, 9000, 5150, 4810, 4240, 3800, 3190 and 2790 YBP and divide the early Holocene (EH), mid Holocene before the 
hemlock decline (MH), the late Holocene (LH) and the five phases containing different peaks in pollen percentages of important tree taxa.



Frontiers of Biogeography 19, 2026, e150642

Holocene abrupt changes in Appalachian forests

11

both oak and pine declined as temperatures decreased by 
ca. 2100 YBP; > 20% birch pollen consistently coincided 
with low temperatures (vertical blue bars, Fig. 7).

Discussion

The forest changes recorded at the two lakes include mul-
tiple timescales of variation (Figs 4, 5) like those generat-
ed by our heuristic simulations of forest responses to Ho-
locene climate changes (Fig. 2). The two records include 
the classic sequence of long-term vegetation trends and 
pollen zones consistent with the slowly varying aspects 

of the regional climate (Deevey 1943; Davis 1969; Watts 
1979; Shuman et al. 2004) (Figs 4, 5). However, they also 
include additional millennial fluctuations (Fig. 6, smooth 
lines), superimposed centennial maxima and abrupt de-
clines and increases (Fig. 6, raw data). Blanding Lake is 
representative of many records in the region with poor-
ly resolved hints of the centennial variations. At Sunfish 
Pond, however, ~ 100-yr sample spacing clarifies the vari-
ability and reveals a sequence of events like that at oth-
er north-eastern highland and Tension Zone sites, such 
as Guilder and Little ponds, Massachusetts (Oswald et 
al. 2018) and Balsam and Ballston Lakes, New York (Ibe 
1985; Toney et al. 2003) (Fig. 8).

Figure 7. Comparison of pollen, temperature and lake-level reconstructions from: A) Sunfish Pond and B) Blanding Lake. The pollen 
percentages shown include hemlock (Tsuga), birch (Betula), oak (Quercus, unshaded) and white pine (P. strobus, grey line). Grey lines 
and uncertainty bands (top row) show pollen-inferred temperature (T) anomalies from the Holocene mean, averaged across mid-lati-
tude sites from Iowa to Massachusetts (Shuman 2024); the overlying orange line in A shows the temperature-sensitive oxygen isotope 
record from Martin Lake, Indiana (Gibson et al. 2024). Branched GDGTs from Blanding Lake are calibrated to T anomalies using the 
global MBT’5me calibration (thin red line in B; Martínez-Sosa et al. (2021)) and ‘meth set’ calibration (red line with circles in B; Raberg 
et al. (2021)); thick red line shows the mean of the two calibrations. Black circles in B mark the brGDGT samples associated with the 
hemlock decline. Lake-level reconstructions (blue lines with 95% confidence intervals shaded) for each lake show their past levels 
below modern, based on palaeo-shoreline deposits in multiple near-shore cores, updated here to include data from the lake-centre 
core (in Fig. 2) from Blanding (Shuman and Burrell 2017; Ray-Cozzens 2022). Vertical lines, labelled by age in thousands of years, mark 
major temperature phases; thin grey lines also mark the century-scale vegetation phases in the mid-Holocene numbered as in Fig. 6.
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Drivers of centennial-scale forest phases

A strong local correspondence amongst extreme 
drought, rapid warming and the abrupt hemlock decline 
points to climate variation as a driver of mid-Holocene 
forest turnover (Fig. 7). Likewise, the correlation of pol-
len-inferred temperatures with both the brGDGTs (Fig. 
7B) and other temperature indicators (Fig. 7A) indicates 
a dynamic equilibrium between the forests and cli-
mate. The inference agrees with a large-scale analysis 
of climate and vegetation variability showing dynamic 
similarity at timescales of > 149 years (Fastovich et al. 
2025). Based on an ‘e-folding’ time of ~ 75 years for 
succession in Appalachian forests, mid-Holocene forest 

phases lasting 340–610 years (Fig. 6) represent be-
tween 98.9 and 99.9% of the full equilibrium response; 
95% would develop within ~ 225 years (per Equation 
2; Webb III (1986)). Centennial-scale pollen sampling 
(Fig. 6) thus approximates the Nyquist frequency of 
near-equilibrium outcomes.

Comparing the centennial forest phases in Penn-
sylvania with other forest changes further clarifies the 
relevance of the dynamic equilibrium-niche model to 
the temporal and spatial scales of the mid-Holocene 
phases. Several alternative intrinsic forest dynamics, 
which we consider in turn below, do not appear to fit 
well with the observations: 1) competitive release and 
resulting successional dynamics following the hemlock 

Figure 8. Fossil pollen records of known examples of successional dynamics (A–C) compared to mid-Holocene changes at (D) Sunfish 
Pond, PA and (E, F) comparator ‘Tension Zone’ lakes (Guilder and Little ponds, MA) (Oswald et al. 2018). Red vertical lines show the 
timing of disturbances or the first change in the series shown. Dashed lines mark the onset of subsequent vegetation phases, which 
are labelled as representing early (“E”) or late (“L”) successional phases in A–C. Unfilled line graphs in A zoom in on the details of the 
last 50 years there. All other timescales are the same showing 600 years in A–C and 1400 years in D–F.
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decline (Fuller 1998); 2) state-shifts triggered by re-
peated (compounded) disturbances (Turner et al. 1993; 
Paine et al. 1998); or 3) population variations shaped by 
the contingency of extreme events and autoregressive 
population processes (Jackson et al. 2009; Blaauw et 
al. 2010; Ramiadantsoa et al. 2019).

Competitive release and succession

Hemlock’s removal from the forest could have released 
other taxa from competition for habitat and canopy space. 
For example, beech is an excellent gap-coloniser (Canham 
1990; Poage and Peart 1993) and is often co-dominant 
with hemlock at the landscape scale (Fig. 1) (Cogbill et al. 
2002). Consequently, beech could have had both an imme-
diate and long-term competitive advantage after the hem-
lock decline (Fuller 1998). However, the various mid-Ho-
locene mixtures of taxa do not wholly depend upon the 
decline and recovery of hemlock (Figs 4, 5). For example, 
white pine and chestnut became important for a millenni-
um in the mid-Holocene at Blanding and Sunfish, but did 
not rapidly increase until after hemlock began its recovery 
(Fig. 6). At other sites across the Tension Zone region, in-
creases in taxa like oak and pine sometimes began before 
the hemlock decline (Mott and Farley-Gill 1978) or even 
developed in the absence of abundant hemlock (Gilliam et 
al. 1967; Tzedakis 1992).

Three examples of succession recorded by other North 
American pollen records demonstrate responses to dis-
turbance at landscape and larger scales (Fig. 8). However, 
these examples show unidirectional trajectories of seral 
stages over 25–250 years (Fig. 8), which differ in duration 
and progression from the repeated peaks and declines of 
the taxa near the Tension Zone (Fig. 6):

1.	 Succession following the removal of a single cano-
py species (Fig. 8A) - At Linsley Pond, Connecticut, 
the early-20th century chestnut blight caused a sharp 
decline in chestnut pollen percentages (red line, Fig. 
8A) (Brugam 1978); Davis (1981) cited the example 
of the blight in making the case that the hemlock 
decline may have been driven by a similar disease. 
However, within 15 years of the blight, birch pollen 
percentages peaked, representing the early succes-
sional response (“E” in the 50-yr zoomed-in diagram, 
Fig. 8A). Within 30 years, oak pollen percentages 
had risen to replace both birch and chestnut during 
the late (“L”) successional response. The sequence 
demonstrates that the successional responses to 
the rapid removal of a single key taxon would have 
played out far more rapidly than could be detected 
in the Sunfish Pond data and would not suitably ex-
plain centennial vegetation phases (Fig. 8D–F).

2.	 Succession following high-severity, stand-replacing 
fire (Fig. 8B) - At Hidden Lake, Colorado, pollen per-
centages illustrate the timescale of succession fol-
lowing high severity disturbance that removed much 

of a forest canopy (Calder et al. 2019). A large charcoal 
layer indicates a wildfire or series of fires at ca. 600 
YBP (red line, Fig. 8B). After the fire, pollen percent-
ages of trees declined and shrub or herbaceous taxa, 
such as sagebrush (Artemisia) and grass (Poaceae), 
increased to > 50% (“E” in Fig. 8B), which is unusual 
for a forested setting, but consistent with a post-fire 
meadow. After ~ 100 years, pine pollen percentages 
began increasing again, revealing post-fire lodge-
pole pine recovery, but by ~ 200 years after the fire, 
pine pollen percentages had peaked and declined as 
shade-tolerant, late-successional taxa, such as fir (Ab-
ies), increased (“L” in Fig. 8B). The 200-yr progression 
of phases involves the complete re-establishment of 
forest over a sufficiently large fraction of the pollen 
source area to be detectable here. However, the full 
progression is shorter than the 340–610-year dura-
tion of individual phases, such as the first beech-birch 
peak, at the Tension Zone sites (Fig. 8D–F).

3.	 Open woodland to deciduous forest transition during 
the Little Ice Age (Fig. 8C) - In the Big Woods region of 
Minnesota, climate changes and a regional reduction 
in wildfire favoured a transition from open oak wood-
lands to temperate deciduous forest (Grimm 1983; 
Umbanhowar 2004). Forest landscape simulations 
confirm that successional dynamics, including sig-
nificant seed dispersal required to spread new trees 
across a large landscape, could explain the resulting 
sequence of changes (Berland et al. 2011). At first, 
the changes favoured an increase in oak, replacing 
grass and other herbaceous taxa (the “Early” phase 
in Fig. 8C). Then, shade-tolerant taxa, such as elm 
and sugar maple, increased at the expense of oak 
(the “Late” phase in Fig. 8C). The changes were likely 
asynchronous across the pollen source area, which 
caused the successional trends to persist longer 
than within individual stands (e.g. Bormann and Lik-
ens (1994)) or than after widely synchronised distur-
bances (Fig. 8A, B). The climate change may have ex-
tended the duration of each phase to 200–300 years 
(Fig. 8C). Simulations indicate, however, that such a 
climatic effect is not required; the duration is large-
ly successional (Berland et al. 2011). Asynchronous 
stand-scale succession over large portions of a land-
scape can produce a slow, centennial-scale (but not 
multi-millennial) progression of taxa (Davis and Bot-
kin 1985; Campbell and McAndrews 1993; Berland et 
al. 2011). If so, the e-folding time of succession at 
landscape scales may be 100–150, not 75 years.

However, unlike these examples, the tree sequences af-
ter the hemlock decline do not represent any obvious seral 
pattern or single progressive trajectory. Hemlock itself had 
brief periods of abundance and then secondary declines 
consistent with local changes in effective moisture (at 3510 
YBP at Blanding Lake and 4250-3800 YBP at Sunfish Pond; 
Fig. 7) rather than a progressive return to a pre-disturbance 
state. Instead, if 95% of forest-climate equilibrium developed 
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within ~ 225 years, then the forest phases after the hemlock 
decline (Fig. 8D–F) would likely represent communities that 
grew as a function of different climates. Even a doubling of 
the e-folding time to 150 years would mean that the forest 
phases represented between 89.6 and 98.2% of equilibrium 
and a tripling to 225 years would mean 77.9–93.3%.

Compound disturbances, contingency effects 
and random walks

State shifts in forest composition can also emerge after 
multiple, repeated (“compound”) disturbances with some 
species surviving an initial disturbance only to be killed by 
a second disturbance (Turner et al. 2019). Historical con-
tingencies, i.e. the sequence of events, could influence 
how species respond to subsequent changes (Jackson et 
al. 2009). Stochastic population processes alone may also 
produce abrupt declines in the abundance of major tree taxa 
(Blaauw et al. 2010; Ramiadantsoa et al. 2019). However, the 
effects of disturbance and contingencies, if not population 
dynamics, would be highly localised because disturbances 
like storms, wildfires and drought tend to have small or het-
erogeneous spatial extents (e.g. Turner et al. (1998); Peder-
son et al. (2014)). Even the impacts of extremely large wild-
fire events appear as secondary features superimposed on 
close climate-pollen relationships in other settings (Calder 
and Shuman 2017). They are more likely to impact individ-
ual forest stands than whole regions. By contrast, the initial 
rise and then decline of beech, oak, hickory and pine played 
out similarly at multiple sites in different highland areas (Fig. 
8D–F), which are unlikely to have been impacted by the same 
extreme events or population dynamics. Seed dispersal dis-
tances for the taxa here commonly reach 10s to 100s of me-
tres with < 5% of seeds reaching > 1500-5000 m (He and Mlad-
enoff 1999), which limits the connectivity amongst similar 
forest changes around Blanding and Sunfish (86 km apart), 
in western Massachusetts (Fig. 8E, F; ~ 300-400 km away) 
and at other Tension Zone sites in New York (~ 100-200 km 
away; Ibe (1985); Toney et al. (2003)) and Ontario (~ 300-400 
km away; Bennett (1986); Fuller (1998)). All these locations 
lie well beyond the pollen source areas for our lakes, which 
should have radii of 3-14 km (Prentice 1988; Sugita 1993). 
Any ecological processes related to the decreases in beech 
and increases in oak spanning these distances along the 
Tension Zone would also have to predict well-correlated in-
verse patterns of change (beech increase and oak decrease) 
in coastal areas (Foster et al. 2006). Random walks cannot 
easily explain such patterning, but shifts in regional climate 
gradients can (Marsicek et al. 2013; Shuman et al. 2023).

Implications of the simulations for the 
hemlock decline and other abrupt changes

Our simulations demonstrate that sequences of abrupt 
tree declines at sites like Sunfish Pond (Fig. 6) do not 
necessarily require disturbances as triggers and that 

stochastic short-term climate variability could create dif-
ferences amongst site-level details (Fig. 2). Fine-scale 
differences in the timing of detectable palaeoclimate 
and ecological changes are also not diagnostic of the 
processes involved; population processes, non-climatic 
disturbances and high-frequency climate variability could 
all accelerate ecological change compared to long-term 
climate trends. For example, the hemlock decline corre-
sponded with rapid warming recorded by brGDGTs at Blan-
ding Pond (Fig. 7B), but the decline cannot be assumed 
to be synchronous in detail across sites (Fig. 8D–F). Else-
where, at Irwin Smith Bog, Michigan, hemlock declined at 
5025 (5160–4895) YBP probably before it did at near-by 
Tower Lake at 4887 (5270–4855) YBP and almost certain-
ly before drought lowered bog water levels there at 4858 
(4951–4590) YBP (Booth et al. 2012). The fine-scale tim-
ing differences seem inevitable given any local, short-lived 
variability in hemlock abundance, such as the repeated, 
transient declines documented at Irwin Smith Bog (Booth 
et al. 2012) and other sites (e.g. Zhao et al. (2010); Oswald 
and Foster (2012)). As in the simulations, a site-specific 
population collapse, triggered by a range of causes, could 
have preceded the long-term drought and locally shifted 
the relative timing of events (Fig. 2E, F).

At ca. 5000 YBP, the truly unusual characteristic of the 
classic hemlock decline was the subsequent millennium of 
widespread low abundance (Fig. 7), not the decline’s abrupt-
ness, which also applied to earlier and later events in Penn-
sylvania (Fig. 6) and elsewhere (Zhao et al. 2010; Booth et 
al. 2012; Oswald and Foster 2012). Davis (1981) initially 
ruled out climate as a driver of the hemlock decline and the 
low abundance that followed because evidence did not ex-
ist for substantial mid-Holocene climate changes, but that 
is no longer the case (Fig. 7) (see also Willard et al. (2005); 
Li et al. (2007); Menking et al. (2012); Shuman and Burrell 
(2017); Shuman et al. (2023); Shuman and Stefanescu 
(2025)). Like the low frequency aspects of pseudo-species’ 
declines in our simulations (Fig. 2A), hemlock’s prolonged 
mid-Holocene nadir overlaps in time with a unique climate 
that widely lowered water levels (Fig. 7; e.g. Shuman et 
al. (2004); Booth et al. (2012); Marsicek et al. (2013)) and 
raised temperatures at Blanding Lake (even as the underly-
ing climate dynamics cooled northern areas; Shuman et al. 
(2023); Shuman (2024); Shuman (2025)). Our simulations 
show, however, that deterministic niche-based responses 
to the millennial climate trends would not preclude centu-
ry-scale differences in the timing of events (Fig. 2E, F).

The model also reveals how differences in the climate 
niches (Fig. 2A–C) can create asynchrony in the declines 
of multiple taxa even when they represent responses to 
the same millennial or centennial climate oscillation (Fig. 
2D). For example, the peaks and rapid declines of birch 
and beech, which followed the hemlock decline by ~ 300 
years at Sunfish Pond (Figs 4, 5), represent a dynamic like 
the simulated sequence of declines in pseudo-species 
A (green) and then B (tan) several centuries later (Fig. 
2F). The observed declines also correlate with the tran-
sition from a cold-dry to warm-dry mid-Holocene climate 
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(phases 1–2 in Fig. 7) in a manner consistent with their 
modern climate niches (Fig. 9) and the negative relation-
ship between temperature and the longevity of trees like 
beech (Di Filippo et al. 2015).

Similar climate niches in space and time

As in the simulations, the different climate niches of the 
taxa at Blanding and Sunfish help to explain the forest 
histories (Fig. 9). Even though factors like land use have 
altered tree abundances today, the modern spatial reali-
sation of the niches underlies the apparent accuracy of 
the pollen-inferred climate reconstructions examined 
here (grey lines, Fig. 7; Shuman et al. (2023); Shuman 

(2024)) and elsewhere (Lotter et al. 2000; Shuman et al. 
2019). Space-for-time assumptions may not apply to lo-
cally-adapted traits like plant growth rates (Perret et al. 
2024), but the correlations here suggest that climate-driv-
en effects on life-history stages (e.g. recruitment), popu-
lations (e.g. demographic change) or genotypes (e.g. dis-
persal, selection), i.e. processes that enabled range-wide 
species-climate relationships to form today, converged on 
similar forest outcomes in the mid-Holocene (Davis and 
Shaw 2001; Blois et al. 2013) (Fig. 9).

For example, by 4800 YBP, the regional climate shifted 
to a warmer and drier climate than today (upper left shad-
ed area in each panel of Fig. 9). The niches represented by 
modern pollen-climate relationships indicate that hemlock, 
but not beech and birch, could have declined as summer 

Figure 9. Modern pollen-climate relationships from North America east of 100°W longitude and north of 35°N latitude (Whitmore et al. 
2005; Williams et al. 2006). Points show the relative abundances of hemlock (A), birch (B), beech (C), white pine (D), oak (E), hickory (F) 
and chestnut (G) pollen with respect to mean summer (June-August) temperatures and mean annual precipitation (“Ann P”). Climate 
trends informed by the GDGT and lake-level departures from modern (H) link the period before the hemlock decline (0) with each of 
the post-decline vegetation phases (1-5 in Figs 6, 7) and modern (“M”); the trends include millennial warmth combined with long-term 
moistening and centennial droughts (Fig. 7). Orange lines mark mean summer temperatures of 19 °C (horizontal solid line) and an-
nual precipitation equal to 900 mm (vertical solid line) and 750 mm (vertical dashed line); orange shading marks wetter and warmer 
climates than the solid line thresholds where hemlock is absent, but not other taxa like beech. Circle sizes are scaled to abundance in 
each sample; oak and birch symbols are scaled to one-third the size of hemlock, beech and white pine and one-sixth the size of hickory 
and chestnut to account for differences in total abundance.
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temperatures increased and precipitation fell (phase 1 in 
the upper left quadrants, shading, Fig. 9); hemlock is rare 
today and throughout the Holocene in the parts of south-
ern Michigan, Ohio and western New York represented by 
this warm, dry part of the niche space (Prentice et al. 1991; 
Thompson et al. 1999; Williams et al. 2006). Later climate 
changes further warmed and dried the climate (phase 2, 
Fig. 9), favouring oak and hickory over beech, which would 
have then declined. As the region ultimately cooled and 
moistened towards the present (phases 3–5, Fig. 9), other 
taxa like white pine (Fig. 9D) and chestnut (Fig. 9G) would 
have increased before substantial cooling favoured taxa 
like birch and hemlock again since 2100 YBP (Fig. 7).

Changes in the Tension Zone

The interaction amongst climate changes and different 
niches has a spatial analogy in 18th century forests (Fig. 
1) (Cogbill et al. 2002; Thompson et al. 2013). Walther’s 
Law states that stratigraphically adjacent palaeoenviron-
ments typically have equivalents in spatially-adjacent en-
vironments today (Middleton 1973). It applies well to the 
sequences of mid-Holocene forest phases at Blanding and 
Sunfish. Cold-hardy, mesic hemlock-beech-birch forests 
grew north of the Tension Zone ecotone at the time of Eu-
ropean colonisation (green, yellow, Fig. 1). To the south, a 
narrow band of white pine forests helped to define the 18th 
century ecotone (blue, Fig. 1); oak-dominated forests ex-
tended southwards from there (tan, Fig. 1). After the rapid 
mid-Holocene warming by ca. 4800 YBP (Fig. 7), the Ten-
sion Zone passed northwards as oak populations expanded 
and replaced hardwood and conifer stands around Sunfish 
and Blanding. Oak abundance locally became equivalent to 
southern sites, such as Tannersville Swamp (Fig. 1) (Watts 
1979). With cooling after ca. 3800 YBP, the ecotone again 
shifted southwards: the pine belt (grey shading, bottom row, 
Fig. 7) and then renewed hardwoods replaced the mid-Ho-
locene oak forests (e.g. hemlock and birch in Fig. 7).

The Holocene moistening trend that raised the lake 
levels (Fig. 7) (Shuman et al. 2019) further modified the 
spatial patterns of vegetation change. The long-term in-
crease in effective moisture created a general westward 
shift in ecoclimatic conditions; after ca. 4500 YBP, the re-
gion with < 1000 mm of annual precipitation shifted west-
wards out of Pennsylvania into the Ohio River Valley and 
surrounding regions where such conditions exist today. 
Both low-hemlock phases at Sunfish, i.e. the beech-domi-
nated phase during cool conditions from 5000–4800 YBP 
and the subsequent oak-hickory peak associated with 
high temperatures from 4800–4250 YBP, have similarities 
to historic forests in the dry climates of western New York, 
Ohio, Indiana and Michigan (Fig. 1) (Paciorek et al. 2016). 
As moisture increased, such forests shifted westwards. In 
other words, the Tension Zone shifted northwards during 
the oak-dominated warm phase from 4800–4250 YBP 
(Phase 2 in Fig. 7), but a beech-birch phase (phase 1 in 
Fig. 6) preceded the shift and pine-chestnut phases (3–5 

in Fig. 6) followed after it because the temperature maxi-
mum and attendant ecotone oscillation developed amid a 
long-term increase in effective moisture that changed the 
ecotonal forest communities (Fig. 7).

Conclusions

Appalachian forests, such as those around Blanding 
Lake and Sunfish Pond, never achieved persistent steady 
states. Distinct forest communities repeatedly developed 
and then dissipated within 300–500 years. Some (e.g. 
oak-dominated phases) formed and reformed, but others 
(e.g. the beech-birch phase at Sunfish Pond) formed only 
once. The landscape-scale changes and the extensive 
communities that they produced did not appear to rep-
resent successional sequences (Fig. 8) or random-walk 
trajectories contingent on a “ratcheting” sequence of 
droughts or population dynamics (Paine et al. 1998; 
Jackson et al. 2009). These successional or stochastic 
processes should have produced poor correlations with 
climate history and differences across large geographic ar-
eas (Clark and McLachlan 2003); they also should have ei-
ther similarities to known successional patterns or no pre-
dictable sequences, but neither expectation was met (Figs 
7, 8). Instead, despite concerns that species’ responses to 
spatial climate gradients would not predict their changes 
through time (Perret et al. 2024), pollen-inferred tempera-
tures, based on a space-for-time assumption, agree with 
independent temperature proxies (e.g. top row, Fig. 7; see 
also Shuman et al. (2019) for a more quantitative analy-
sis). Individual taxa, such as hemlock, birch and oak, also 
expressed relationships with the independent tempera-
ture (brGDGT) and moisture (lake-level) histories (Fig. 7) 
consistent with the realisation of the taxa’s climate niches 
across space today (Fig. 9). The patterns of change in the 
forest histories (Fig. 6) do not differ meaningfully from 
the types of abrupt changes, fluctuations and short-lived 
phases generated by a simple deterministic response to 
a variable climate (Fig. 2) and indicate that the emergent 
outcomes over many forest stands converged on centen-
nial scales on a dynamic equilibrium with climate (Webb 
III 1986; Shuman et al. 2019).

Small differences in species’ climate relationships can 
explain the individualistic responses of the key tree taxa to 
the climate changes. Consequently, both climate history 
and the climate niches of the different taxa could be better 
studied, along with direct evidence of forest disturbances 
and plant physiological responses to shifting climates, to 
help explain the past and anticipate the future; for exam-
ple, just because both hemlock and beech are ‘mesic’ taxa 
did not mean that they responded to mid-Holocene climat-
ic variability in the same way (compare their presence in 
the orange shaded region of Fig. 9). The species declines, 
the resulting novel forest communities and shifts in the 
Tension Zone developed rapidly in concert with unique, 
centennial-to-millennial combinations of temperature and 
moisture (Figs 7, 9). Consequently, vegetation at landscape 
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scales appears highly sensitive to climate changes. If ~ 1 
°C of warming triggered the hemlock decline, warming will 
yield complex, rapid forest changes again today.
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