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abstract: Plant community response to climate change ranges
from synchronous tracking to strong mismatch. Explaining this var-
iation in climate change response is critical for accurate global change
modeling. Here we quantify how closely assemblages track changes in
climate (match/mismatch) and how broadly climate niches are spread
within assemblages (narrow/broad ecological tolerance, or “filtering”)
using data for the past 21,000 years for 531 eastern North American
fossil pollen assemblages. Although climatematching has been strong
over the last 21 millennia, mismatch increased in 30% of assemblages
during the rapid climate shifts between 14.5 and 10 ka. Assemblage
matching rebounded toward the present day in 10%–20% of assem-
blages. Climate-assemblage mismatch was greater in tree-dominated
and high-latitude assemblages, consistent with persisting populations,
slower dispersal rates, and glacial retreat. In contrast, climate match-
ing was greater for assemblages comprising taxa with higher median
seed mass. More than half of the assemblages were climatically fil-
tered at any given time, with peak filtering occurring at 8.5 ka for
nearly 80% of assemblages. Thus, vegetation assemblages have highly
variable rates of climatemismatch and filtering overmillennial scales.
These climate responses can be partially predicted by species’ traits
and life histories. These findings help constrain predictions for plant
community response to contemporary climate change.
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Introduction

Climate is often considered the main driver of assemblage
structure across large spatial and temporal scales (Webb
1986; Pearson and Dawson 2003). At shorter timescales,
however, species may have differential climate responses
(Davis 1984; Webb 1986; Bertrand et al. 2011; Ordonez
2013; Svenning and Sandel 2013), leading to mismatch
between the assemblage composition and the climate ex-
pectation. Mismatches between assemblage composition
and climate may arise from habitat differences, dispersal
lags, and species traits or from species interactions that
structure communities through time and across space, act-
ing on their own and/or interacting with climate (Ackerly
2003; Ricklefs 2004; Blois et al. 2013a; Dalsgaard et al.
2013). Such mismatch is of applied importance because
it links to assemblage persistence/survival (Dullinger et al.
2015) and ecological forecasting (Svenning and Sandel
2013; Barnosky et al. 2017). Understanding themechanisms
by which assemblages come in and out of equilibrium with
climate and what other factors are important in mediating
those dynamics is a central goal.
Contemporary time-series data (e.g., Dornelas et al.

2018) are useful for addressing these questions but are lim-
ited by short temporal duration. In contrast, fossil pollen
records can provide complementary information about
assemblage composition over millennial timescales. Al-
though changes in fossil pollen assemblages are often linked
with climate (Grimm et al. 1993; Williams et al. 2002; Yu
2007; Blois et al. 2013a), processes like dispersal and spe-
cies interactions may also determine assemblage dynamics
(Ricklefs 2004; Jablonski 2008; Blois et al. 2013b; Wisz et al.
2013). For example, megaherbivore decline contributed to
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novel plant communities at the end of the Pleistocene (Gill
et al. 2009, 2012), and transient associations among tree
taxa in Europe (Svenning et al. 2008) and North America
(Zhu et al. 2012; Talluto et al. 2017) have been linked to
postglacial migrational lags. Mechanisms including site in-
accessibility or distance beyond refugia (Svenning et al.
2008; Normand et al. 2011;Nogués-Bravo et al. 2014), com-
petition (Svenning et al. 2014), herbivory (Brown and
Vellend 2014), or low seed dispersal (Davis 1984; Normand
et al. 2011; Nogués-Bravo et al. 2014) have all been dis-
cerned from fossil pollen assemblages. The influence of Na-
tive American land-use practices on vegetation composi-
tion and structure have been recently described from late
Holocene pollen assemblages (Crawford et al. 2015). How-
ever, linkages between pattern and process have been lim-
ited. There is a need to (1) better understand the role of cli-
mate change and other processes in driving assemblage
dynamics and to (2) understand how this variation can
be predicted over time and space.
Our framework leverages assemblage-level metrics to

measure climate (mis)match (l) and climate filtering (d)
against a regional null model (Blonder et al. 2015; de-
scribed fully in “Methods” and fig. 1). The regional null
model describes assemblages that couldhavebeenobserved
in a local assemblage (but that may or may not be present
because of taphonomic/sampling biases or broader-scale
biogeographic distributions of clades). If climate is the
main factor structuring local assemblages and assemblages
respond to it rapidly, the climate niches of taxa observed
in the assemblage should be better matched to the local cli-
mate than those in the regional null assemblage. Mismatch
and filtering are thus defined in terms of observed patterns
relative to null expectations.
The climate mismatch (l) metric addresses assemblage

climatic mismatch at local sites. Assemblages showing cli-
mate mismatch are composed of taxa with climate niches
dissimilar to the local observed climate relative to taxa in
the regional pool. This can occur when plants lag in their
response to climate change (Bertrand et al. 2011; Sven-
ning and Sandel 2013). In contrast, climate matching oc-
curs when assemblages contain taxa with climate niches
close to the local observed climate relative to those in the
regional pool.
The climate filtering (d) metric quantifies how assem-

blages tend to become composed of taxa with restricted cli-
mateniches relative to the taxa in the regionalpool (Blonder
et al. 2015). Filtered climate nichesmay reflect the outcome
of strong climatic constraints, such as extreme conditions
that reduce survival strategies of plants at high latitudes
(Swenson and Enquist 2007; Hawkins et al. 2014) or high
elevations (Pottier et al. 2012), because fewer taxa with
broad climate tolerances are found compared with the re-
gional pool. We define permissiveness as the opposite of
filtering, occurring when assemblages contain taxa with
broader, more variable climate niches relative to the re-
gional pool. Both l and d (summarized in table 1) can be
calculated within assemblages across time and relative to
past climates.
The ecological meaning of these metrics can be mapped

onto community assembly processes: environmental filter-
ing, dispersal limitation, and species interactions (HilleRis-
Lambers et al. 2012). The strength of environmentalfiltering
is reflected by d: assemblage composition either is strongly
influenced by climate (climate filtering) or is not (climate
permissiveness; sensu Kraft et al. 2014). Dispersal limita-
tion and species interactions can also influence l. For ex-
ample, positive l (mismatch between the assemblage-
inferred climate and the local observed climate) could be
due to species interactions that lead to exclusion of climat-
ically more suitable taxa or to dispersal limitations relative
to the regional pool. Negative l (climatematching) could be
produced by small or absent lags relative to climate change
or by species interactions that cluster taxa’s niches within
climate space. The relationship between l and d to differ-
ent mechanisms is summarized in table 2.
Here we quantify climatematching and filtering in plant

assemblages between the Last Glacial Maximum (LGM)
and the present in eastern North America (Davis et al.
1975; Delcourt and Delcourt 2004; Williams et al. 2009;
Shuman et al. 2009). The period includes both rapid and
slow change as well as warming and cooling (Clark et al.
2009).Assemblagedata come frompollen records (e.g.,Neo-
toma Paleoecology Database; Williams et al. 2018), while
paleoclimate estimates come fromgeneral circulationmod-
els (e.g., Liu et al. 2009).
We use these data to assess functional trait predictors of

climate matching and filtering, from morphology (growth
form) and phenology (leaf type) to reproduction (seed
mass). These traits are ecologically relevant and may con-
strain vegetation response to climate. We also consider
rate of climate change and distance from ice sheet to de-
termine whether they affect fossil pollen assemblage re-
sponses to climate.
We hypothesize that mismatch and filtering varied tem-

porally as climate changed, especially during two periods:
the fast-warming Bølling-Allerød (14.7 to 12.9 ka) and
cooling Younger Dryas (12.9 to ∼11.7 ka). We also pre-
dict that mismatch and filtering varied spatially as a result
of variation in glaciation histories across the study region.
We expect more mismatch and filtering in high-latitude as-
semblages as a result of melting ice sheets that opened up
new landscapes (e.g., Chapin et al. 1994; Svenning and Skov
2007). Likewise, we expect more climate matching in south-
ernnonglaciated sites because ofmore time for immigration,
shorter distances to refugia, and longer time for succession.
We also expect that assemblages with higher proportions
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ofherbaceousflora (not includinggrasses)will exhibitmore
climate mismatch because of poorer dispersal ability (e.g.,
Cain et al. 1998). Similarly, assemblages with a higher pro-
portion of taxa with low seedmass should exhibit more cli-
mate matching because of better dispersal ability leading
to higher range filling (e.g., Nogués-Bravo et al. [2014]with
European trees). Last, we predict that assemblages with a
higher proportion of broad-leaved taxa will exhibit more
climatematching because of rapid deciduous range expan-
sion (e.g., Ulmus, Acer, Quercus, Carya, and Castanea) in-
ferred from eastern North American refugia throughout the
Holocene (Davis 1983).
Methods

Null Model Analysis

Climate matching (l) and climate filtering (d) metrics are
calculated using a null model to compare how taxa match
their climate relative to expectations from sampling a re-
gional pool (fig. 1a, 1b). To calculate l and d, the frame-
work defines two other metrics that relate inferred “assem-
blage climate” to “observed climate” (simulated climate in
the present study) for a given location and time (fig. 1c).
First, D is the median distance between assemblage-
inferred climate (mean climate niche of all taxa in the as-
semblage, similar to community temperature; e.g., De-
Victor et al. 2012) and random samples of niche values
from taxa present in theassemblage (allowing for the incor-
poration of intrataxon niche breadth). Second,L is the vec-
tor between assemblage-inferred climate and observed cli-
mate and indicates differences between the observed
climate and the climate that would be inferred on the basis
of thepresence of these taxa.Anull distributionofD andL is
generated by sampling assemblages of equal richness from
the regional pool,whichcomprises taxa that are climatically
suitable for the location. Finally, standardized climate
deviations (d and l) are obtained by comparing observed
values ofD andL to those generated under the regional ex-
pectation, via z-transformation:

d p
Dobs 2mean(Dnull)

sd(Dnull)
, l p

Lobs 2mean(Lnull)
sd(Lnull)

:

Thus, for a given location, assemblage patterns are in-
terpretable in terms of how much mismatch is displayed
relative to other possible assemblages that could have oc-
curred. A value of 0 for either statistic means that the as-
semblage does not differ from the regional expectation
given a set of climate conditions, while nonzero values in-
dicate that the local assemblage departs from the regional
expectation. The regional pool/null expectation may it-
self vary over space and time (fig. 1d). The regional pool
comprises all of the taxa available to colonize a given site
and allows for the analysis of large-scale effects (Lessard
et al. 2012; Cornell and Harrison 2014).
The definition of the regional pool is important because

it will affect estimates of climate matching and filtering
(Lessard et al. 2012). Different regional pools can be de-
fined in order to ask different ecological questions and
determine the sensitivity of results to the regional pool
definition (fig. 2; see below).
Occurrence and Climate Data

We obtained pollen assemblage composition data from
Maguire et al. (2016). We used 531 fossil pollen assem-
blages from eastern North America (comprising 106 taxa)
since the LGM 21,000 years ago (21 ka). We chose the
eastern North America subset of the global Neotoma Pa-
leoecology Database (Williams et al. 2018) because (1) it
has consistent and updated age models such that compar-
ison of patterns among sites through time is less biased by
age model uncertainty (see below) and (2) this region has
a high density of lakes with fossil pollen samples.
At each site, count data were identified to at least the ge-

nus level, with the exception of two sets of indistinguish-
able pollen taxa: “Ostrya/Carpinus” and “Ambrosia type”
(e.g., pollen grains that were classified as either Ambrosia
or Iva). We omitted pollen taxa determined only to the
family level (e.g., Poaceae, Amaranthaceae, and Asteraceae)
for several key reasons. Our analyses focus on the degree
of climate mismatch and filtering among the set of taxa
included in this specific assemblage, not on identifying
changes in vegetation structure that would require all pos-
sible data, including that only available at the family level.
Scaling up to the family level would reduce power and in-
troduce a greater potential for violating assumptions (e.g.,
family-level data would produce a more biased estimate
of the pooled niche than genus-level data). Because the Poa-
ceae family was removed but it is known that grasses should
dominate sites in the western region of the data set, our sta-
tistics may be biased in these regions. We tested the influ-
ence of taxonomic resolution on analyses via two regional
pool definitions (full description below).
All chronologies were updated to the IntCal09 calibra-

tion curve (Reimer et al. 2009) and then revised and stan-
dardized chronologies among sites by Blois et al. (2011).
For all pollen samples, the relative abundance of each ge-
nus/taxon was calculated relative to the total pollen sum
for the genus-level data set (Blois et al. 2011) and then lin-
early interpolated to estimate the relative abundance of each
taxon at 500-year intervals from 21 to 0 ka (to match the
climate data). We then applied a taxon- and site-specific
variable threshold, corresponding to 5% of the maximum
abundance recorded for each pollen type. This method



C
lim

at
e A

xi
s 2

Climate Axis 1

a)

b)

Community Climate Statistic ( or )

Pr
ob

ab
ili

ty

Climate volume, null 
assemblage

Climate volume, 
observed assemblage

Climate mismatch 
vector, assemblage-
inferred climate 

Climate mismatch 
vector, null 
assemblage-inferred 
climate 

Assemblage-inferred 
climate

Null assemblage
-inferred climate

−2

−1

0

1

2

−2 −1 0 1 2

Figure 1: Fundamental community climate concepts are shown in two dimensions (a, b) for clarity and then over time (c, d) to illustrate a
stylized version of the 21,000-year data set. a, Observed assemblage niches are defined by two climate axes. Observed assemblage climate
volume (D)—the climate space occupied by species in the assemblage at one time, accounting for each species’ niche breadth—is indicated (red
circle) with the assemblage-inferred climate (red centroid). Climate volume of null assemblages (gray circles; inferred climate as gray centroids) is
generated by sampling assemblages of equal richness from the regional pool. The arrows represent the vector between the assemblage-inferred (red
arrow) or null assemblage–inferred (gray arrows) climate. The assemblage has smaller climate volume (red circle vs. gray circles) and larger climate
mismatch (red vector vs. gray vectors) than expected given the regional pool. In this example, small d and large l suggest that the assemblage was
structured by environmental filtering and environmental disequilibrium. b, The null and observed values for l, along with projections of the mis-
match vector, are shown in two dimensions (the same graph could be made for d). The null distribution (solid black curve) is shown in two
dimensions along with the median (solid vertical line), 25% and 75% quantiles (shaded rectangles), and the observed l value (dashed red line).
In this example, l is significantly larger (P 1 :01) than the null distribution. c, Same as a but incorporating a time dimension for the same concepts.
The observed climate trajectory is shown (black line) with solid squares at four time points. Observed assemblage niches are defined by multiple
climate axes at a given time. Observed assemblage climate volume (D) is indicated (solid circle) with the community-inferred climate (solid colored
square). Climate volume of null assemblages (dashed circles; inferred climate as a cross-hatched square) are generated by sampling assemblages of
equal richness from the regional pool. The colored arrows represent the vector between the community-inferred or null assemblage–inferred climate
and the observed climate at one time. d, Same as b but incorporating a time dimension for the same concepts. Climate deviations (d, climate volume;
l, climate mismatch) are calculated by comparing the null distributions (curves) with the observed statistics (dashed vertical lines) at different time
steps. Quartiles (shaded rectangles) and medians (solid vertical line) are depicted. SES p standard effect size.
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most accurately reconstructs turnover compared withmod-
ern vegetation based on Forest Inventory and Analysis
data relative to five other threshold calculations, effectively
downweighting the importance of genera with species that
are large pollen producers (Nieto-Lugilde et al. 2015).
We obtained climate data from transient simulation runs

using the Community Climate System Model (CCSM3)
general circulation model (SynTraCE-21; Liu et al. 2009,
2010), with decadal averages from 22 ka to the present.
CCSM3 simulations were debiased and downscaled to a
0:57#0:57 resolution, then aggregated to 200-year aver-
ages centered on 500-year time slices from 21 to 0 ka (see
Lorenz et al. 2016). Mean annual temperature and mean
Table 1: Climate statistics for positive and negative values
of l and d, from Blonder et al. (2015)
Metric
 Negative values (!0)
 Positive values (10)
l
 Climate matching
 Climate mismatching

d
 Climate filtering
 Climate permissiveness
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annual precipitation were used because they are physio-
logically relevant (Pearson and Dawson 2003; Van Mant-
gem and Stephenson 2007; Kosanic et al. 2018) and are
accurately reconstructed where validation data are avail-
able (Lorenz et al. 2016).
Niche Estimation

Our framework assumes that estimates of taxa’s climate
niches are unbiased. However, the fundamental niche of a
taxon is not accurately represented by the climate space
filled at any single time (Jackson and Overpeck 2000).
We partially addressed this bias by integrating multiple
realized niche estimates from different time bins across
21,000 years of climate-occurrence data, effectively pool-
ing the niche estimates over multiple instances of different
realized climates. Such “pooled niches” (Veloz et al. 2012)
approximate the fundamental niches and minimize bias
caused by estimating niches from climate and occurrence
data. We also assumed niche conservatism at millennial
timescales, consistent with evidence in plants at the same
timescales (Peterson 2011; Lee-Yaw et al. 2016; but see
Ackerly 2003; Pearman et al. 2008; Hoffmann and Sgro
2011; Donoghue and Edwards 2014).
Table 2: Summary of ecological processes and interpretations of our framework’s statistics
Metric
 Ecological process
 Mechanisms to produce statistic
l
 Climate, dispersal limitation,
or species interaction
Mismatch (l 1 0) could be due to climatically inappropriate taxa persisting (trailing-
edge lags) or appropriate taxa failing to colonize (leading-edge lags), species in-
teractions that lead to displacement of climatically more suitable taxa, adaptive
niche evolution, priority effects, limited propagule pressure, or competition

Matching (l ! 0) could be due to short or nonexistent lags relative to climate change
or to species interactions leading to increased niche packing and clustering of taxa’s
niches within climate space
d
 Climate filtering
 Permissiveness (d 1 0) could be due to an assembly being composed of more eco-
logically generalist taxa or of taxa from multiple biogeographic regions or to an
assembly having broad climatic tolerances

Filtering (d ! 0) could be due to more ecologically specialist taxa, taxa from fewer
biogeographic regions, strong climate constraints, or narrow climatic tolerances
basic

Local assemblage

Basic regional pool

Rare regional pool

All taxa

Abundant/temporally frequent taxa
Rare/temporally infrequent taxa

Observed climate

Temperature axis

Inferred regional pool temperature
Inferred local temperature
Difference between inferred temperatures

rare

Figure 2: Different regional pool definitions can affect the magnitude and direction of l and d statistics. In this example, regional pools are
illustrated for a set of taxa along a temperature axis. The basic regional pool contains abundant/temporally frequent taxa (orange triangles)
and rare/temporally infrequent taxa (blue squares), and the community-inferred temperature of the regional pool is on the far left of the
temperature niche axis (black dotted vertical line). Abundant taxa were removed to form the rare regional pool, which shifted the inferred
temperature of the regional pool to the right along the temperature niche axis. The local assemblage has its own inferred temperature (red
dashed vertical line). Lambda (l) is the difference between the inferred regional pool temperature and the inferred local assemblage tem-
perature. In this example, l values are different depending on whether the local assemblage is compared relative to the basic or rare pool.
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Realized climate niches were estimated for each assem-
blage from the CCSM3 simulations of mean temperature
and total precipitation. At each time bin, we matched oc-
currence data for each fossil pollen taxon with the mod-
eled concurrent climate. Then, to account for uneven sam-
pling over time, we randomly sampled 1,000 times (with
replacement) from each distribution and time bin to gen-
erate a second pooled sample, although this does not cor-
rect for errors of omission. Standardized samples for each
time slice were pooled together and used as an approxi-
mation of the fundamental climate niche for each taxon
(fig. S1;figs. S1–S8 are available online). Because the frame-
work relies on observational data, rare taxa from the pollen
record are more subject to violations of the assumption
that species’ climate niches have been accurately character-
ized. We tested the influence of rarity through a different
definition of the regional pool (see below).
Regional Pool Definitions

We used two regional pools (denoted “basic” and “rare”
pools) to ask different ecological questions, address po-
tential biases inherent in fossil pollen data, and determine
the sensitivity of results to the regional pool definition.
The basic regional pool for each local fossil pollen as-

semblage and time was defined as all taxa whose geo-
graphic ranges overlapped that site and time plus taxa
whose range could have been at the local site, regardless
of whether a taxon occurred locally. For the latter “poten-
tial” taxa, we used three criteria to account for temporal
undersampling, spatial undersampling, and dispersal biases.
We corrected for temporal and spatial undersampling of
the basic regional pool via range-through sampling (follow-
ing Wilf and Johnson 2004), a convex hull, and a spatial
buffer (see the supplemental PDF for details).
A rare regional pool was created, which varied in its

treatment of rare taxa. Like the basic pool, it comprised all
taxa with overlapping ranges after accounting for range fill-
ing, convex hull, and a spatial buffer. However, we ranked
the commonness of taxa at every time slice by number of
presences and removed the 20%most common taxa at each
time step from each site. This allowed testing whether rare
taxa respond differently to climate than the most abundant
taxa in each assemblage.
Spatial and Physiological Trait Predictors

We selected five predictors, including time (ka), space
(latitude and longitude), growth form (tree, shrub, herb,
or climber), seed mass, and leaf shape (broad or needle).
Spatially, we defined bands as high latitude (1457N), mid-
latitude (407–457N), and low latitude (!407N), following
Williams et al. (2009). Seedmass data were obtained from
the Royal Botanic Gardens Kew Seed Information Data-
base (2019); genus median seed masses were determined
from all species occurring in the study area. Cyrilla racemi-
flora has not been described in the literature, so seed mass
was estimated frompackets sold fromSheffield’s SeedCom-
pany (https://sheffields.com/seeds/Cyrilla/racemiflora). Seed
masses for Diervilla, Engelhardtia, and Koenigia were not
available. Genus leaf shape was obtained from the Global
Plant Trait Network (GLOPNET) database (Wright et al.
2004).
Growth form information was obtained from Enge-

mann et al. (2016). Because some genera in the data set
(e.g., Acer, Betula, Salix, and Quercus) include both tree
and shrub growth forms, a categorical genus growth form
classification is unfeasible. We compiled the growth form
of the relevant species for each genus and weighted each
genus as a fraction of tree, shrub, herb, or climber. This
was then used to estimate assemblage-scale fractions, that
is, proportion of each assemblage with a particular trait at
each time (e.g., percentage shrub). We used assemblage-
mean traits because the mean often best reflects trait func-
tion and its impact on the environment (e.g., Grime 1998;
Garnier et al. 2015; Umaña et al. 2017).
Statistical Analyses

Statistics were computed for each site and time using the
comclim package (ver. 0.9.4; Blonder 2015) in R (ver. 3.3.1;
R Development Core Team 2016). Statistical outputs from
comclim (for both basic and rare regional pools) have been
deposited in the Dryad Digital Repository (https://doi.org
/10.5061/dryad.c07s28s; Knightet al. 2020).To testwhether
covariates explained matching and filtering patterns, we
used mixed models with temporal random effects (lme4
ver. 1.1).Predictorswere scaled andcentered to enable inter-
pretation as effect sizes. We tested for spatial collinearity
among predictor variables, where high collinearity between
variables was defined as r 1 0:65, following Lehmann et al.
(1998).
Results

Temporal Patterns

Fossil pollen assemblages exhibited strong variation in
climate matching (l) and climate filtering (d) over time
and space (figs. S3, S4); results presented are based on
the basic regional pool except where indicated. Between
50% and 85% of pollen assemblages at any given time
showed l ! 0, consistent with local climate matching at
themajority of sites (fig. 3). Climate matching was highest
before the Bølling-Allerød, when 180% of assemblages
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matched climate. The lowest proportion of matching—
50% of assemblages—occurred at the end of the Younger
Dryas (∼11.5 ka), a period of abrupt temperature change;
subsequently, assemblage matching rebounded toward
the present day in 10%–20% of assemblages. At least half
of the d deviations were negative, corresponding to strong
and consistent climatic filtering that strengthened over
time. At its peak at 8.5 ka, nearly 80% of assemblages were
climatically filtered (fig. 3).
Increased mismatch occurred with rapid climate shifts.

We observed fewer assemblages showing climate match-
ing during the Bølling-Allerød and Younger Dryas events
(between 14.5 and 10 ka), during which climate shifted
rapidly and there were strong changes in the extent of
the Laurentide Ice Sheet (fig. 3). No distinct patterns to-
ward permissiveness or filtering relative to rapid climate
shifts were found.

Spatial Patterns

Median l values displayed spatial trends across three
latitude bands (high, middle, and low; fig. 4). During
deglaciation from 21 to 12 ka, assemblages at the low lat-
itudes (!407N) and midlatitudes (407–457N) generally dis-
playedmore climatematching (l ! 0) than those in the high
latitudes (1457N), which had median l values closer to
zero and indicated weaker climate matching (fig. 4a). Im-
mediately after the Younger Dryas cooling event, latitudi-
nal gradients in l changed: midlatitude assemblages tran-
siently displayed the weakest matching pattern. Starting
at 8.5 ka, a strong latitudinal gradient in matching was re-
established, with high-latitude sites showing the lowest
climate-matching values and low-latitude sites showing
the highest. For d trends, assemblages show strong filter-
ing, particularly in midlatitude assemblages (fig. 4b).
Functional Traits

Multiple variables—that is, latitude, longitude, growth
form, and seed mass—were significantly associated at
the assemblage level with climate mismatch and filtering
trends across space and time. For l, tree-dominated pol-
len assemblages showed greater climate mismatch than
Matching (  < 0)
Filtering (δ < 0)

Younger Dryas-

Figure 3: Proportion of assemblages across sites that show matching (red line, l ! 0) and filtering (blue line, d ! 0) over the past 21,000 years.
Across time, the majority of communities matched the local observed climate. Relatively more mismatch and strong filtering from 14.5 to 10 ka
were detected, which includes both fast warming during the Bølling-Allerød (14.7 to 12.9 ka) and cooling during the Younger Dryas (12.9 to
∼11.7 ka), shown by dashed boxes.
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herbaceous-dominated ones (fig. 5). Assemblages with
higher median seed mass were more likely to be matched
with climate. Climate mismatch was also found to bemore
likely at more eastern sites. For d trends, assemblages with
more trees tended to exhibit stronger climate filtering, while
those at eastern sites showed more climatic permissiveness
(fig. 5). Last, leaf shape was not significantly associated with
either metric.
More matching (-)   More mismatching (+)

statistics

Tree growth form

Median seed mass

Leaf shape

Latitude

Longitude

Time

More filtering (-)   More permissiveness (+)

statistics

Tree growth form

Median seed mass

Leaf shape

Latitude

Longitude

Time

a)

b)

Figure 5: Summary of significant fixed effects from regression models with spatially correlated errors used to predict l and d. Negative
coefficients correspond to more matching or filtering (red), while positive coefficients correspond to increasing mismatch or permissiveness
(blue). Only coefficients significant at the a p :05 level are shown.
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Regional Pool Analysis

We defined two pools (basic and rare) to test whether com-
mon taxa dampened assembly signals (rare results are
shown in maps in figs. S5S6). Over the past 21,000 years,
anywhere from 10% to 30% more assemblages from the
basic regional pool displayed climate matching compared
with assemblages from the rare pool (fig. S7a) except at
the end of the Younger Dryas, when the rare pool had
20% more assemblages that matched climate. Results em-
ploying the rare regional pool definition showed that cli-
mate permissiveness was dominant: up to 90% of assem-
blages displayed broad ecological tolerances at 19.5 ka,
which reduced over time to approximately 70% of assem-
blages toward the present (fig. S7b). Furthermore, median
l values had no discernible latitudinal gradient, and as-
semblages displayed more climate matching at eastern sites
and less in tree-dominated assemblages (fig. S8), but the
overall effect of both predictors was weak. Finally, sites with
more broad-leaved taxa were associated with stronger cli-
mate filtering, and permissiveness was detected at eastern
sites and increased over time (fig. S8).
Discussion

We found strong evidence for spatial and temporal varia-
tion in climate-driven community assembly, particularly
when assemblages lagged behind the climate shifts brought
on by the Bølling-Allerød/Younger Dryas interstadial/sta-
dial. High-latitude assemblages exhibited more mismatch,
aswehypothesized, as did tree-dominated assemblages con-
sistent with persisting populations and the combination of
slower dispersal rates and glacial retreat. Life-history and
certain traits were found to be useful predictors of the dy-
namics of assembly processes. Our findings—that is, as-
semblages do not always track climate change, and some
traits are predictive of mismatch/filtering—showcase the
utility of using paleoecological data to address fundamen-
tal community assembly questions. The pollen record has
shown in the past that proximity to deglaciated areas, the
decline of megaherbivores, and biotic interactions are im-
portant drivers of assemblage structure and formation (Wil-
liams et al. 2009; Gill et al. 2012; Blois et al. 2014). Our
findings contribute to a more complete picture not only of
the timing and extent of climate mismatch but also of the
underlying drivers of assemblage climate mismatch in east-
ern North America during the late Quaternary.
Climate Matching

Although pollen assemblages predominately matched
climate in eastern North America (fig. 3), consistent with
climate-matching dynamics dominating (e.g., Webb 1986;
Yu 2007; Blarquez and Aleman 2016), different trajecto-
ries across time and space were detected within this broad
pattern. Temporally, there was a slight trend toward fewer
assemblages displaying climate matching through the
Holocene (especially during the last two millennia) and
a more pronounced excursion toward weaker matching
between 14.5 and 10 ka, when rapid climate change oc-
curred (fig. 3). Landscape fragmentation as the Holocene
progressed may have been a driver of mismatch. In North
America, indigenous populations and their landscape im-
pacts grew from the late Pleistocene to the mid-Holocene,
such that forest fragmentation likely occurred (Delcourt
and Delcourt 2004). Yet modeled population data (e.g.,
HYDE 3.1) are poorly resolved in this region and are not
fit for application to the long temporal extent of our study;
indeed, our results show mismatch increases before the
Holocene, when few to no people are known to have in-
habited North America. Additional hypotheses for highly
localized pre-European agriculture (Muñoz and Gajewski
2010) would suggest a small effect on our results.
Climate-matching trends were spatially structured, as

seen in trends across latitude (fig. 4a). While assemblages
at the majority of sites were matched with local climates, a
higher proportion of mismatch was generally observed in
the high latitudes (1457) following glacial retreat (fig. 4a),
suggesting that assemblage composition did not quickly
track local climate. Because l captures leading and trailing
edges of populations, mismatch at northern sites is consis-
tent withmany sites being at the leading edge of their ranges,
aligning with previous work suggesting that proximity to ice
sheets facilitated dispersal into newly deglaciated regions
(Svenning and Skov 2004). Weaker climate matching was
also detected in the midlatitudes during the early Holocene
between 11 and 10 ka (fig. 4a), possibly reflecting no-analog
associations, which were associated with highly seasonal
no-analog climates (Williams et al. 2001) and megafaunal
extinctions (Gill et al. 2009). Weaker midlatitude climate
matching could also reflect temperate taxa advancement
into a previously boreal/arctic region that created a broad-
ened niche space (Davis et al. 1986), which our framework
detected as mismatch for boreal/arctic taxa.
Climate Filtering

Broadly, pollen assemblages became more environmen-
tally filtered over time, but there were important spatial
distinctions. A higher proportion of sites showed a signal
of climatic permissiveness in the eastern part of eastern
North America (fig. 4b), indicating broader ecological tol-
erance. The Appalachian Mountains’ elevation gradients
provide environmental heterogeneity that supported a
diversity of taxa, and topographic variability may have
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contributed such that greater permissiveness was expressed
in areas where local variability in soils or climate is higher.
Traits: Trees and Climate Mismatch

Functional and life-history traits partially explain the cli-
mate response of pollen assemblages (fig. 5). Specifically,
mismatch was positively related to assemblages that con-
tained a higher proportion of trees and shrubs. These find-
ings agree with long lag times reported for vascular plants
from leading-edge lags due to arrival delays to a climati-
cally suitable area and establishment lags dependent on
slow growth toward a population carrying capacity (Cain
et al. 1998; Svenning et al. 2008). Our study supports the
notion of slower tree migration rates compared with herbs,
via higher disequilibrium predictions when accounting
for growth form. External factors like edaphic conditions
(Webb 1986) or landscape structure may have affected
tree migration rates, also causing trailing-edge lags, which
may be detected as mismatch using this framework.
Seed mass also partially explained assembly dynamics

(fig. 5). The hypothesis that low seed mass would be asso-
ciated with more matching because of better dispersal of
light seeds was rejected because, unexpectedly, assemblages
with heavier seeds were found to be positively related with
climate matching. Dispersal limitations linked to heavier
seeds may be offset by animals that eat, transport, and dis-
perse larger seeds over greater distances (Howe and Small-
wood 1982). Although seedmass does not indicate themode
of seed dispersal and some large-seeded taxa have low dis-
persal capacity today (e.g.,Maclura pomifera), disperser size
is correlated in a gradient from anemochory to zoochory
(Howe and Smallwood 1982). Genera with the heaviest seed
masses (e.g., Quercus, Corylus, and Castanea) are and/or
have been dispersed via squirrels, bears, various birds, deer,
and now-extinct fauna, all of which may move consider-
able distances.Quercus expanded rapidly during interglacial
conditions, and it is thought that birds played a crucial role
as dispersal agents (Davis 1983). Additionally, an advantage
of large-seeded species is their tolerance to stress (e.g.,
shade or drought) compared with small-seeded species,
which have the advantage of fecundity (Muller-Landau
2010).
Regional Pool Effects

Assemblages defined according to the rare regional pool
displayed slightly more climate mismatch, more permis-
siveness, and divergent trait patterns comparedwith the ba-
sic regional pool definition. Higher climate mismatch and
permissiveness in pollen assemblages from the rare pool
suggest that rare taxa might have been more tolerant of cli-
mate fluctuations or were poorly estimated. In contrast, as-
semblages represented by the basic regional pool exhibited
stronger climatic associations. These findings are consistent
with widespread species exhibiting clearer linkages among
performance, their environment, and traits than restricted-
range species (Umaña et al. 2017).
Methodological Limitations

Our results reflect methodological choices made to min-
imize the limitations of working with fossil pollen as-
semblage data and to maximize their potential for un-
derstanding community assembly processes. We found
important instances of mismatch even though our anal-
yses favored climatic matching in two ways. First, the
coarse taxonomic resolution and limited representation of
rare taxa biases estimates toward less climate mismatch
than studies based on species-level data. Second, compared
with other studies (e.g., Svenning and Skov 2004) that con-
sider whole biogeographic regions as potentially occupied
by any species, we circumscribed the species pool to a more
limited space around a site, reducing the potential for cli-
matic mismatch.
Applying community ecology and trait-based ap-

proaches to paleoecological data is inherently challeng-
ing given the genus- or family-level taxonomic resolution
of most fossil pollen data and that fossil data are not fully
interchangeable with contemporary community data (Kull-
man 1996; Birks and Birks 2008). Furthermore, our meth-
odology assumes niche conservatism at millennial timescales
because plants have largely static physiological tolerances at
this timescale (Peterson 2011; Lee-Yaw et al. 2016) and at the
genus level, although other studies suggest that climate niche
evolution is possible (e.g., Ackerly 2003; Pearman et al.
2008; Hoffmann and Sgro 2011; Donoghue and Edwards
2014). Last, our analysis relies on the accuracy of general cir-
culationmodels (GCMs; Liu et al. 2009). GCMpaleoclimate
models have large uncertainties but currently provide the
best simulations available for key events, for example, the
abrupt Bølling-Allerød warming.
Conclusion

We have shown that the ability of fossil pollen assemblages
to track climate varies with time, across space, and ac-
cording to functional and life-history traits. For neoecol-
ogists seeking to forecast assemblage persistence/survival
under future climate scenarios, our work indicates that
traits may predict climate tracking and that patterns from
time series can be used to infer assembly processes. By
working at the edges of paleoecology and community ecol-
ogy, our approach provides insight into the prevalence of
different community assembly processes over time and in-
creases the mechanistic understanding of past dynamics,
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both of which give temporal context to modern concerns
in community ecology.
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