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Abstract. The abundant-center hypothesis posits species are most abundant in the center of their climatic
range and forms a key assumption in many species distribution models. However, this hypothesis has not
been rigorously evaluated in plant communities, in part because abundance as a fraction of dominance is
rarely incorporated. Here, we ask whether tree species frequency and abundance peak in the center of their
distributions on continental-scale climate gradients across the Rocky Mountains and Interior West, USA.
We used forest inventory data to model frequency (percentage of plots in a given climate a species
occurred in) and relative abundance (percentage of basal area in plots) as a flexible function of climate for
the 20 most common tree species on temperature and precipitation gradients. Frequency patterns were pre-
dominately “bell-shaped” and centered for species in the middle of both gradients and monotonic toward
the extremes. Relative abundance patterns were primarily monotonic, especially with precipitation. In the
middle of the temperature gradient, however, it is notable that six dominant and widespread species had
peaks in both frequency and abundance that were centered and symmetric. Only one species had this pat-
tern with precipitation. When frequency is considered, evidence for the abundant-center hypothesis is
robust, especially in the middle portion of each gradient, and indicates patch occupancy probability gener-
ally declines away from a species' climatic optimum. For relative abundance, the hypothesis is largely
refuted, particularly on the precipitation gradient. Together, these results suggest that climate's influence
on patch colonization and occupancy dynamics is a fundamental filter on distribution patterns in Rocky
Mountain forests, but that climate gradients are only weakly related to relative abundance and hence pro-
vide limited insight into the ecological processes that determine local dominance once a species is present
in a site.
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INTRODUCTION

Ecologists have long assumed that climate is
the overarching control on tree species distribu-
tions (Woodward 1987, Pacala and Hurtt 1993,
Martin et al. 2007, Sherman et al. 2012), yet our
quantitative understanding of how climate

structures the niches and distributions of tree
species is incomplete (Rehfeldt et al. 2008, Can-
ham and Thomas 2010, Clark et al. 2011, Dallas
et al. 2017). Numerous approaches have been
developed to model species climate distributions
and to forecast species distributions along spatial
or climatic gradients (Box et al. 1999, Iverson
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et al. 2004, Hijmans and Graham 2006, Phillips
and Dud�ık 2008, Elith and Leathwick 2009,
Drake 2015), but these models are commonly
based on presence–absence data (Thuiller 2003,
Thuiller et al. 2006, McKenney et al. 2007), con-
strain the form the modeled niche can take (e.g.,
strictly bell-shaped, linear, and symmetric), and
assume a species is most abundant in the center
of its distribution (i.e., the “abundant-center
hypothesis”; Sagarin and Gaines 2002).

Evidence for the abundant-center hypothesis is
mixed in practice, however. Some studies provide
strong support (VanDerWal et al. 2009, Guti�errez
et al. 2013), while others report that climatic dis-
tributions, at least those based on presence–
absence data, do not predict patterns of species
abundances (Nielsen et al. 2005, Filz et al. 2013,
Dallas and Hastings 2018), casting doubt on the
assumption that species are reliably most abun-
dant in the center of their climatic distributions
(Sagarin and Gaines 2002, Dallas et al. 2017). Fur-
thermore, until recently our knowledge of species
distributions patterns came primarily from faunal
and marine communities (Lester et al. 2009), as
distribution patterns in terrestrial plant commu-
nities along climate gradients were less studied.
There is good reason to think distribution pat-
terns in plant communities may be distinctive,
with climate potentially shaping abundance pat-
terns less than other ecological processes, espe-
cially for long-lived plant species. Dispersal and
recruitment limitation, site disturbance history,
topoedaphic conditions, and biotic interactions
such as competition (Canham et al. 2006, Bas-
compte 2009, HilleRisLambers et al. 2013) may all
shift demographic rates and abundance patterns
away from a species’ optimal climate. A number
of recent studies on tree species distribution pat-
terns have helped address this gap—characteriz-
ing tree probability of occurrence in relation to
climate (Rehfeldt et al. 2006, 2008, Bell et al. 2014,
Copenhaver-Parry et al. 2016, 2020), with one
study in the eastern United States finding virtu-
ally no evidence of abundant-center relationships
(Canham and Thomas 2010)—yet the relationship
between patterns of abundance and climate in
forests requires further inquiry.

In this study, we ask how the distribution, fre-
quency, and abundance of Rocky Mountain tree
species are structured on large gradients in cli-
mate using regional-scale forest inventory data,

and if there is evidence of functional groups of
species with similar abundance and frequency
patterns or a more individualistic distribution of
species. Climate niche studies are needed in these
forests, as temperatures are warming rapidly in
the western United States (Pederson et al. 2010)
and precipitation is changing in type, quantity,
and seasonality (Mote 2006). We asked whether
species are most abundant in the center of their
climatic niches with symmetric distributions cen-
tered around the mode, as theory assumes. Do
patterns of frequency and abundance vary simi-
larly along climatic gradients? Are Rocky Moun-
tain forests more structured by climate than
forests in the eastern United States, or do we find
similar patterns between biomes suggesting wide-
spread and common dynamics between trees and
climate? Given the steep climate gradients in the
Rocky Mountains and the comparatively low
number of tree species in the region, we expected
that the climate niches of tree species would be
well defined and display comparatively sharp
transitions between species, and that peaks in
abundance would be in the center of a species’
climatic distribution.

METHODS

Our analyses are focused on the Interior West
region of the U.S. Forest Service Forest Inventory
and Analysis (FIA) program (Bechtold and Pat-
terson 2005), encompassing Arizona, New Mex-
ico, Colorado, Utah, Wyoming, Idaho, and
Montana (http://www.fs.fed.us/rm/ogden). The
region has a wide range in climate. There is a
slight negative covariance between temperature
and precipitation across the region, but there is a
wide range of precipitation regimes for any
given annual mean temperature, and vice versa.
The region occurs entirely west of the historical
dry boundary demarking the arid grasslands of
the Great Plains (Salley et al. 2016). In the Interior
West, the prairie–forest ecotone at lower eleva-
tions and the treeline ecotone at higher elevations
occur widely on mountains throughout the
region, frequently on the same landscape. Hence,
the region’s mountainous terrain enables the full
climatic distribution of extant tree species to be
captured “locally” on the elevation gradient,
often over small distances. Nevertheless, several
dominant species in the region have distributions
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that extend north or south of the Interior West
FIA dataset (see Results) and care in the interpre-
tation in their climatic distributions is warranted.

Forest Inventory and Analysis plots have four
circular subplots (each 168.3 m2) with 36.6 m
between subplot centers. All adult trees (stems
≥12.7 cm diameter at breast height [dbh]) are
measured in the subplots, and saplings (stems
≥2.5 and <12.7 cm dbh) are measured in a 2.07 m
radius microplot nested in each subplot. We
combined data from the four microplots (for a
total microplot area of 53.85 m2) and four sub-
plots (for a total area of 673.2 m2 per plot) to esti-
mate presence and abundance of adults and
saplings at the plot level. FIA plots are added to
all public and private areas of “forest land” in
the United States, which explicitly includes areas
with small stems and sparse woody cover,
defined as “at least 5% crown cover by live tally
trees of any size or at least 5% cover of live tally
species in the past (based on the presence of
stumps, snags, or other evidence), or the pres-
ence of sufficient reproduction (40 tally tree spe-
cies seedlings/saplings per acre).” Tally tree
species are prioritized for sampling, usually
because they occur in tree growth form through-
out much of their range. “Forest land” includes
transition zones, such as areas between forest
and nonforest lands that meet the ≥5% tree
crown cover criteria.

Because we required exact locations to extract
climate data at the plot level, we limited our
analyses to plots with exact locations provided
via a security memorandum with the FIA pro-
gram, and we also omitted plots with zero live
saplings or adult trees due to either harvesting or
natural disturbance. These criteria resulted in
a total sample of 9543 plots, which span a wide
range in latitude (~N 31° to N 49°) and longitude
(~W 102° to W 117°) and climate (displayed in
Appendix S1). The plots were censused over a
wide range of years (1993–2009), but two-thirds
of plots were measured between 2004 and 2009.

We compiled 10 yr of climate data up to the
census date of each plot, using a bilinear interpo-
lation of 800-m resolution PRISM climate data
(http://www.prism.oregonstate.edu/). We focused
our analyses on two climate variables, mean
annual temperature and average annual precipi-
tation during the 10 yr preceding the census, for
reasons both pragmatic and principled. More

complex, derived climate variables (i.e., potential
evaporation) could have a more mechanistic link
to plant performance; however, the influence of
specific derived climate variables likely varies
idiosyncratically among species, making standard
climate niche comparisons between species prob-
lematic. Moreover, much of the scientific and pol-
icy debate about climate change is couched in
terms of annual mean temperature and total rain-
fall (Christensen et al. 2007).
We included all FIA tally tree species with suf-

ficient sample sizes in the dataset for analysis
(Table 1), dropping rare species which were
insufficiently abundant for modeling and five
species whose distribution is primarily outside
the boundaries of the Interior West FIA region.
These criteria resulted in a pool of 20 tree species
for the analysis, capturing the vast majority of
the biomass and individual trees in the region.
We calculated presence and relative abundance
separately for adults and saplings of each species
in each plot, based on their percentage of adult
or sapling basal area in the plot. We analyzed
saplings separately as there is growing evidence
of a divergence between the climate distributions
of tree vs. sapling conspecifics as climate changes
(Bell et al. 2014, Dobrowski et al. 2015); juveniles
are more sensitive to climate than adult trees
(Canham and Murphy 2016a) and hence may
have different climate distributions; and adult-
sized trees often take decades or longer to recruit
into the canopy, and as such, the climate is often
quite different now than when current adults
were saplings.
In contrast to an analysis of FIA data in the

eastern United States by Canham and Thomas
(2010), which used a univariate symmetric Gaus-
sian function (i.e., where temperature [T] or pre-
cipitation [P] was analyzed separately and
functions were constrained to be symmetric
around the mode), we modeled all species for
presence and relative abundance with a bivariate
symmetric Gaussian and a bivariate asymmetric
Gaussian functional form, fitting for T and P
simultaneously. The Gaussian function is widely
used in describing niche dimensions, and our use
of it here also reflects the flexible nature of the
function: Depending on the values of the param-
eters, the shape of the function can be monotoni-
cally increasing, monotonically decreasing, or
unimodal within a given range of T or P. In
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fitting T and P simultaneously, our bivariate
model allows for a more realistic estimate of how
T and P interact to shape species distributions,
and the asymmetric model provides superior
realism in estimating niche dimensions by not
assuming that upper and lower segments of a cli-
mate niche are identical. Bell-shaped curves and
distributions are given a variety of names (e.g.,
normal distribution, normal curve, bell curve,
Gaussian curve). Even when bell-shaped, how-
ever, our models do not necessarily describe a
normal probability distribution, and as noted,
Gaussian distributions can assume non-bell-
shaped curves. Hence, in our results we refer to
distributions with a clear mode or peak and sym-
metric or asymmetric declines around the mode
as “bell-shaped.”

Species abundance distributions were all left-
skewed and zero-inflated (i.e., non-normal, with
a large number of plots with zero abundance).
Thus, our model simultaneously estimates the

two components of abundance: (1) presence,
modeled as a Bernoulli process, and (2) relative
abundance when present, under a gamma dis-
tribution to account for the skew in the distri-
bution of abundance. The data also displayed
clear evidence of range limits along the gradi-
ents, so we thus incorporated a third compo-
nent to estimate upper and lower range limits,
that is, points along the temperature and pre-
cipitation gradients beyond which the probabil-
ity of presence was effectively zero (set at less
than 0.000001) and predicted relative abun-
dance was 0.
The symmetric form was a simple bivariate

Gaussian function:

RAor Presence ¼ amaxe�0:5 T�tm
tvð Þ2e�0:5 P�pm

pv

� �2� �

if Tmin\T�Tmax and Pmin\P�Pmax;

otherwise RAor Presence ¼ 0

(1)

Table 1. Study species, frequency of occurrence in FIA plots, model form, and goodness of fit (R2) as a bivariate
function of temperature and precipitation for adult-sized tree species.

Tree species Code FIA plots frequency (%)

Adults

Functional form Frequency (R2) Relative abundance (R2)

Abies concolor ABCO 3.7 Symmetric 0.777 0.043
Abies lasiocarpa ABLA 23.2 Asymmetric 0.949 0.094
Abies lasiocarpa v. arizonica ABAR 1.1 Asymmetric 0.248 0.049
Acer grandidentatum ACGR 0.6 Symmetric 0.018 �0.026
Cercocarpus ledifolius CELE 1.2 Symmetric 0.543 0.018
Juniperus deppeana JUDE 5.7 Asymmetric 0.949 �0.002
Juniperus monosperma JUMO 4.1 Asymmetric 0.922 0.215
Juniperus osteosperma JUOS 5.1 Asymmetric 0.765 0.076
Juniperus scopulorum JUSC 4.7 Symmetric 0.793 �0.002
Picea engelmannii PIEN 22.9 Asymmetric 0.965 0.126
Pinus albicaulis PIAL 5.4 Asymmetric 0.904 0.143
Pinus contorta PICO 20.1 Symmetric 0.945 0.083
Pinus edulis PIED 9.4 Symmetric 0.928 0.011
Pinus flexilis PIFL 4.5 Symmetric 0.880 0.024
Pinus ponderosa PIPO 15.1 Asymmetric 0.972 0.077
Populus tremuloides POTR 11.7 Symmetric 0.954 0.042
Pseudotsuga menziesii PSME 26.9 Asymmetric 0.961 0.052
Quercus arizonica QUAZ 3.5 Symmetric 0.908 0.082
Quercus emoryi QUEM 1.6 Asymmetric 0.359 0.053
Quercus gambelii QUGA 4.6 Symmetric 0.739 0.015

Note: Frequency of occurrence was calculated for each species based on its presence in the 9543 FIA plots in the analysis.
The functional form of the best model was determined with AICc. We evaluated goodness of fit of predicted frequency by bin-
ning the data into intervals of predicted frequency and comparing the average predicted frequency in that bin to the actual frac-
tion of those plots in which the species was present. Goodness of fit of predictions of relative abundance when present was
assessed using R2 calculated on the subset of plots in which a species was present; R2 values are low given the gamma distribu-
tion and wide scatter in the points.
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The bivariate asymmetric Gaussian function:

RAor Presence ¼ amaxe
�0:5 T�tm

tlo

� �2

if T� tm

amaxe
�0:5 T�tm

thi

� �2

if T[ tm

8>><
>>:

9>>=
>>;
�

amaxe
�0:5 P�pm

plo

� �2

if P� pm

amaxe
�0:5 P�pm

phi

� �2

if P[ pm

8>><
>>:

9>>=
>>;

if Tmin\T�Tmax andPmin\P�Pmax;

otherwise RA or Presence ¼ 0 ð2Þ

In both forms, T is mean annual temperature
and P is average annual precipitation in a plot,
and Tmin, Tmax, Pmin, and Pmax were the esti-
mated lower and upper range limits for tempera-
ture and precipitation, respectively, and amax, tm,
tv, pm, and pv are estimated parameters. Relative
abundance is assumed to be zero below or above
estimated climate limits (Tmin and Tmax and Pmin

and Pmax, respectively). Note: Relative abun-
dance was scaled from 0 to 100, so amax is the pre-
dicted presence or abundance (in percentage of
basal area) in the optimal environment (i.e.,
when T = tm and P = pm). The symmetric func-
tion (Eq. 1) simply estimates a single value for
niche breadth for presence and a single value of
niche breadth for relative abundance when pre-
sent (i.e., tv instead of tlo and thi, and pv instead
of plo and phi), while the asymmetric function
(Eq. 2) estimates the modal temperature (tm) and
precipitation (pm), and then allows different
niche breadths and shapes below and above that
mode (tlo and thi, and plo and phi, respectively).

These equations were truncated to zero for
plots outside the estimated range limits of a given
species. We defined a climatic range limit
statistically as the value on a gradient beyond
which the probability of observing a nonzero
abundance in a plot is highly unlikely. Setting this
likelihood to zero (i.e., an absolute limit) is
problematic for both computational reasons (gen-
erating underflows when taking the log of zero)
and from a sampling perspective, since there can
be errors in species identification outside the true
range of a species. We set the likelihood to 1 in a
million (0.000001) for the probability of observing
a species in a plot outside the estimated range

limit for the species. We tested other thresholds
which did not result in notable changes in esti-
mated range limits, as range thresholds along
both climate gradients were quite abrupt.
The overall likelihood function was as follows:

ProbðyjhÞ ¼
0:000001 a

Pzð¼ 1� ProbðpresenceÞÞ b

ð1� PzÞGammaðyjhÞ c

8><
>:

aif T\Tmin orT[Tmax orP\Pmin orP[Pmax

bif y ¼ 0
cif y[ 0

(3)

where y was the observed relative abundance of
a given species in a plot; Twas the mean annual
temperature and P the average annual precipita-
tion in the plot; Tmin, Tmax, Pmin, and Pmax were
the estimated lower and upper range limits for T
and P, respectively; and Gamma(y|h) is the prob-
ability of observing a (nonzero) abundance of y
given a gamma distribution and the estimated
parameters of the model (h).
We used simulated annealing, a global opti-

mization algorithm, to find the maximum likeli-
hood estimates of the parameters for both
functions for each species as a function of T and
P, using the likelihood package (version 1.7) in R
(R Core Team 2014). We compared the symmetric
and asymmetric models, and present results
from the model with the lower AICc (Tables 1, 2).
We calculated two-unit support intervals to eval-
uate strength of evidence for the parameter esti-
mates (shown in Appendices S2, S3). Analogous
to a 95% confidence interval, two-unit support
intervals are common in likelihood methods and
calculate the range of parameter values in which
the likelihood of the model is within two units of
likelihood of the best model. We evaluated good-
ness of fit of the predicted presence by binning
the data into intervals of predicted presence and
then comparing the average predicted presence
in that bin to the actual fraction of those observa-
tions in which the species was present; goodness
of fit of the predictions of relative abundance
when present was assessed using R2 calculated
on the subset of plots in which a species was pre-
sent (Tables 1, 2).
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We used output from these models to visually
classify the shape of each species climate niche
into one of three basic patterns: flat; monotoni-
cally peaking toward either end of the gradient;
or showing a clear mode or peak on the gradient
with an approximately symmetric or bell shape
to the pattern. Distribution patterns for tempera-
ture and precipitation were evaluated separately.
For each species, we also visually determined
whether its frequency and abundance distribu-
tions (1) peak together with a bell shape at or
near the center of its climate range, (2) peak
together outside of the center of its climate range,
or (3) peak separately on different sections of its
climate range. By definition, flat or monotonic
changes in frequency and abundance distribu-
tions cannot satisfy scenario 1.

RESULTS

The FIA plots of the Interior West region
encompass a wide range of temperatures (mean
annual temperatures (MATs) from �4.5°C to
22.5°C) and precipitation (155–2350 mm/yr). See
Appendix S1 for the full climate space of the
study system. Based on our analysis of range

limits, this FIA dataset appears to encompass the
complete climatic range of nearly all of the study
species (see Appendix S1 for individual species
climate space diagrams). A few species with sub-
stantial distributions outside of the Interior West
region may experience climate conditions not
covered in this dataset. Abies lasiocarpa, Picea
engelmannii, and Pinus albicaulis may experience
lower MATs and higher precipitation north and
west of the study area, and Juniperus monosperma
may extend into higher temperatures than cap-
tured in our study (Figs. 1, 2).
Pseudotsuga menziesii occurred most frequently

(adult-sized PSME occurred in 26.9% of the FIA
plots), and Acer grandidentatum was the least fre-
quent (0.6%; see Tables 1, 2 for all species). There
was no evident pattern between frequency or rel-
ative abundance (hereafter, abundance) and
niche breath, as the niche breadths of subdomi-
nant and rarer species were generally as wide as
dominant species on both temperature and pre-
cipitation gradients (Figs. 1–3).

Frequency and temperature
Frequency, that is, the percentage of plots in

a given climate in which a species occurred,

Table 2. Study species, frequency of occurrence in all FIA plots, model form, and goodness of fit (R2) as a bivari-
ate function of temperature and precipitation for sapling-sized individuals.

Tree species Code FIA plots frequency (%)

Saplings

Functional form Frequency (R2) Relative abundance (R2)

Abies concolor ABCO 1.7 Asymmetric 0.777 0.010
Abies lasiocarpa ABLA 14.8 Asymmetric 0.941 0.043
Abies lasiocarpa v. arizonica ABAR 0.6 Symmetric 0.491 0.006
Acer grandidentatum ACGR 0.7 Symmetric 0.650 �0.019
Cercocarpus ledifolius CELE 0.6 Symmetric 0.346 �0.027
Juniperus deppeana JUDE 1.4 Asymmetric 0.697 �0.019
Juniperus monosperma JUMO 1.0 Symmetric �0.612 0.161
Juniperus osteosperma JUOS 1.4 Symmetric �0.018 0.073
Juniperus scopulorum JUSC 1.3 Symmetric 0.380 �0.031
Picea engelmannii PIEN 10.1 Asymmetric 0.950 0.041
Pinus albicaulis PIAL 2.3 Asymmetric 0.655 0.135
Pinus contorta PICO 8.8 Symmetric 0.943 0.009
Pinus edulis PIED 5.1 Asymmetric 0.862 0.041
Pinus flexilis PIFL 1.2 Symmetric 0.563 �0.002
Pinus ponderosa PIPO 4.4 Symmetric 0.883 �0.001
Populus tremuloides POTR 6.2 Symmetric 0.896 �0.011
Pseudotsuga menziesii PSME 9.6 Asymmetric 0.957 0.018
Quercus arizonica QUAZ 1.5 Symmetric 0.679 �0.004
Quercus emoryi QUEM 0.5 Symmetric 0.275 0.066
Quercus gambelii QUGA 6.0 Asymmetric 0.948 0.013

Note: See legend in Table 1 for full description.
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varied strongly with mean annual temperature
for nearly all species (Figs. 1A, 2A;
Appendix S2). Indeed, while climatic range lim-
its were quite broad for most species, the range
in climate in which a species was common was
much narrower. Frequency patterns on the tem-
perature gradient were individualistic, with no
obvious clusters or ecotones of species groups
(Fig. 3A). The adults of eight species dominate
regional frequency, each with the highest fre-
quency on some portion of the temperature
gradient. The six species of adults that

dominate the middle of the gradient display
classic patterns of turnover, partitioning the
niche space with nearly identical, non-overlap-
ping peaks in frequency, while the species that
dominate the ends of the gradient—A. lasio-
carpa, P. albicaulis, and P. engelmannii at <2–3°C,
Juniperus osteosperma and Quercus emoryi at
>15°C—show no declines in frequency past a
threshold temperature (Fig. 1A).
Frequency patterns with temperature for the

adults of 15 species and saplings of 17 species
showed a clearly defined peak, including both

Fig. 1. Distribution, frequency, and abundance of adult-sized tree species as a function of annual mean temper-
ature and precipitation for the 20 most abundant tree species in the Interior West region. Curves show predicted
variation in presence (the percentage of plots in which the species occurs) and relative abundance (percentage of
basal area, when present) as a function of climate. Temperature patterns are displayed with precipitation held at
the mean level for that species and vice-a-versa. Patterns for each species individually with two-unit support
intervals are shown in Appendices S2, S3. Species abbreviations consist of the first two letters of the genus and
specific epithet, for example, Abies concolor, ABCO. Full species names are listed in Table 1.
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very common (e.g., peak frequency of 50–80%)
and less common species (e.g., peak frequencies
<40%). Moreover, frequencies of adults of 12 spe-
cies and saplings of 15 species were both bell-
shaped and symmetric—that is, clearly unimodal
with approximately identical distributions
around the mode—on the temperature gradient.
Of the remaining species, all five species of
adults and two of the three species of saplings
with non-bell-shaped frequencies had strongly
curvilinear distributions (i.e., not flat) with tem-
perature, but were highly asymmetric around
the peak. Only J. monosperma saplings had a flat,
invariant frequency with temperature.

Frequency and precipitation
Frequency patterns with precipitation also var-

ied markedly for nearly all species (Figs. 1B, 2B;
Appendix S3), but the shapes of frequency distri-
butions were more varied in shape and less indi-
vidualistically spaced on the gradient compared
to temperature (Fig. 3B). The species can be visu-
ally classed into three functional groups along
the precipitation gradient: (1) nine species of
adults and nine of saplings, all with bell-shaped
patterns, clustered at intermediate precipitation
levels, of which five species of adults and eight
of saplings were symmetric; (2) on the wet end,
five species had a monotonic increase in

Fig. 2. Distribution, frequency, and abundance of sapling-sized tree species as a function of annual mean tem-
perature and precipitation for the 20 most abundant tree species in the Interior West region. Note the different
scales between temperature and precipitation for presence. Patterns for each species individually and two-unit
support intervals are provided in Appendices S2, S3. See Fig. 1 legend for full details.
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frequency at higher levels of precipitation, up to
a threshold level where frequency plateaued;
and (3) on the dry end, five species showed a
monotonic or nearly monotonic increase in fre-
quency at lower levels of precipitation. The fre-
quency of a single species (A. grandidentatum)
was effectively flat. The composition of these
groups is generally congruent with conventional
wisdom on the drought tolerance and the distri-
bution of the species along moisture gradients in
the region, for example, three species of juniper
and the two-needle pinyon (Pinus edulis) showed
peak frequencies at the low end, while all species
with peak frequencies at high precipitation are
dominant in snowy, high elevation forests.

Overall, departures from symmetric frequency
distributions occurred entirely at the extreme
ends of both climate gradients, although the dis-
tributions of a few species did remain bell-
shaped and symmetric at the extremes. In the
center of each climate gradient, temperature and
precipitation frequencies were symmetric for all
but two rare species, which were flat. The precip-
itation niche for most species, as a portion of the
total gradient, was narrower than temperature,

with 14 species limited to the lower half of the
precipitation gradient (~250–1000 mm/yr). Addi-
tionally, there was much more overlap in peak
frequencies along the precipitation than tempera-
ture gradient, highlighting how moisture
requirements are fundamentally shared by
groups of western tree species.

Relative abundance and temperature
Abundance patterns showed highly individu-

alistic variation (i.e., bell-shaped, negative, posi-
tive, neutral; Figs. 1C, 2C) along climatic
gradients, varying markedly for the adults of 15
species. Five species showed modest-to-no varia-
tion. The adults of only six species (Abies concolor,
A. lasiocarpa, Pinus contorta, Pinus ponderosa, Pop-
ulus tremuloides, and P. menziesii) and the sap-
lings of only one species displayed strongly bell-
shaped abundance patterns with temperature, all
occurring entirely in the middle portion of the
gradient; only three species of adults and none of
the saplings were both bell-shaped and symmet-
ric. The abundance of the 12 adults that domi-
nate the hot or cold extremes of the gradient all
rapidly and monotonically decline as

Fig. 3. (A) The mean annual temperature and (B) average annual precipitation at which species reached their
peak estimated frequency (location and size of circular symbol), the range of temperatures and precipitations
within which species were present (solid lines), and the estimated niche breadth for presence along the tempera-
ture or precipitation gradient (indicated by the range between the crosses). Niche breadths were the estimated
standard deviations of the Gaussian distributions (Eq. 2). For asymmetric models, the niche breadths are differ-
ent above and below peak frequency. No niche breadth shown on one end of the gradient indicates that niche
breadth exceeded the observed range of temperature or precipitation on that end of the gradient. Frequency in
several species did not reach a clear peak within the observed range of precipitation (i.e., JUOS and CELE). The
size of the circular symbol is proportional to the highest estimated peak frequency among the 20 species. Species
codes are given in Table 1.
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temperatures moderate. Five of the 10 species
that are common (frequencies >40%) on the
temperature gradient also have the high abun-
dance with temperature (Fig. 1; Appendix S2).
For most species, peaks in abundance were
visually wider than peak frequencies on both
gradients.

Relative abundance and precipitation
Abundance on the precipitation gradient dis-

played little niche structuring or interspecific
partitioning (Figs. 1D, 2D), with nine adult-sized
species showing effectively no variation in abun-
dance across their entire precipitation range. The
abundance of only one species of adult and one
species of sapling was both bell-shaped and sym-
metric with precipitation. Six species declined
monotonically in abundance with higher precipi-
tation (all were from driest end of the gradient),
while four species monotonically increased with
precipitation, two of which dominate the wet
end.

Abundant-center relationships
We found evidence of “full” abundance-center

relationships—when the center of a species’ cli-
matic distribution, peak frequency, and peak
abundance all coincide on the climate gradient—
for adults of six species and no saplings on the
temperature gradient, and only adults of one
species (P. tremuloides) and saplings of one spe-
cies (Quercus gambelii) on the precipitation gradi-
ent. All but one of these species have ranges that
appear entirely encompassed by the climate
space in our dataset, and the adults of all of these
species are abundant, regional dominants (A. la-
siocarpa, P. contorta, P. ponderosa, P. tremuloides,
and P. menziesii) or subdominants (A. concolor),
as defined by species with peak frequencies and
peak relative abundances >40%. Dominance is
not inevitably associated with these relation-
ships, however, as there were five dominant spe-
cies (Juniperus deppeana, P. edulis, P. engelmannii,
Quercus arizonica, and Q. emoryi) on the tempera-
ture gradient whose abundance either peaked at
the extremes or was invariant. Moreover, these
relationships were nonexistent on both gradients
for the adults of rarer species and saplings of
nearly all species irrespective of dominance.
Many of these rarer species and saplings either
showed little variation in abundance over their

entire range or increased monotonically in abun-
dance toward one end of their range.
Coincident peaks in frequency and abundance

that occur away from the center of a species’ cli-
matic distribution were more common than
“full” abundant-center patterns. Such non-cen-
tered peaks occurred for 11 species of adults and
3 species of saplings on the temperature gradient
(all on the coldest end), and 8 species of adults
(mostly peaking on the wet or dry extremes) and
4 species of saplings (3 of which peak on the dry
end) on the precipitation gradient.
Finally, a number of species have centered

peaks in frequency but not abundance: Adults of
15 species and saplings of 18 species have peak
frequencies in the center of their temperature
ranges, and adults of 10 species and saplings of
9 species have peak frequencies in the center of
their precipitation ranges. The remaining species
either had peak frequencies that did not coincide
with their range centers—all dominate the hot or
cold ends of the gradient—or had no variation in
frequency.

DISCUSSION

Abundant-center relationships
Our two components of species abundance,

frequency and relative abundance when present,
generally showed divergent patterns along cli-
mate gradients. When only frequency is consid-
ered, the hypothesis that abundance is highest
near the center of a species’ climatic range (Dal-
las and Hastings 2018) is robust for most species,
especially along temperature gradients. When
abundance as a fraction of stem basal area is
included, however, the hypothesis is refuted for
most species, especially at the extremes on the
temperature and precipitation gradients. In par-
ticular, our analyses indicate that on the precipi-
tation gradient in the Interior West region,
neither the center of a species’ climatic distribu-
tion nor its peak frequency is associated with a
species’ peak abundance, with the exception of
adults of P. tremuloides, which showed full abun-
dant-center patterns on both temperature and
precipitation gradients. Only in the middle of the
temperature gradient (with MATs from ~0°C to
~15°C) did species commonly have symmetric,
bell-shaped, and coincident peaks in range, fre-
quency, and abundance. The opposite pattern
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occurred at the extremes of the climate gradients;
where abiotic stress is high and biotic pressure
typically declines (Liancourt et al. 2005), stress-
tolerant species become hyper-dominant at the
edge of their range. Together, these patterns sug-
gest that where temperature stress is low or
absent, biotic interactions increase (Canham et al.
2006, HilleRisLambers et al. 2013) and foster bell-
shaped patterns in abundance, particularly for
dominant species.

The general absence of abundant-center rela-
tionships between climatic distributions and
relative abundance suggests that climate gradi-
ents, and species distribution and climatic suit-
ability models based on them, are not
consistently predictive of abundance patterns
across tree species. Indeed, abundance–climate
relationships were effectively flat for around
half of the species, with little-to-no variation in
relative abundance (<10% change in total) over
their entire distribution for seven species of
adults and 10 species of saplings with temper-
ature, and 11 species of adults and 11 species
of saplings with precipitation. This suggests
that climate gradients provide limited insight
into the ecological and demographic processes
that determine the relative abundance of a spe-
cies within a stand.

These patterns correspond with mounting
evidence of a general decoupling of tree spe-
cies climatic distributions from key components
of tree demography which determine abun-
dance. A large study using forest inventory
data found that climates with the highest fre-
quencies of a species were negatively corre-
lated with those species’ population growth
rates (Thuiller et al. 2014), a pattern that could
cause a disconnect between frequency and
abundance. Other studies report modest or
nonexistent variation in tree growth rates along
wide gradients of temperature in the Rockies
(Buechling et al. 2017) and precipitation in the
eastern United States (Canham and Murphy
2016b). Certainly, some elements of tree
demography such as fecundity are strongly
associated with climate (Buechling et al. 2016),
but considerable evidence indicates once a spe-
cies is present in a site, demographic processes
in forests in western North America are pre-
dominately determined by non-climatic factors
(Zhang et al. 2015).

Demographic decoupling from climate could
occur for a number of reasons, including when
local adaptation to climate is pronounced
(Buechling et al. 2017, Canham et al. 2018) or
when the effects of climate on growth are abated
by strong ecophysiological acclimation potential,
as seen in photosynthesis rates of many tree spe-
cies that can rapidly acclimate to local conditions,
particularly temperature (Smith and Dukes 2013,
Carroll et al. 2017). Furthermore, while a strong
climate signal on frequency patterns can be read-
ily explained by the importance on climate-sensi-
tive recruitment processes, such as seed
germination and first-year seedling survival
(Foster et al. 2020), post-establishment abun-
dance of seedlings is poorly explained by climate
in western forests (Kroiss and HilleRisLambers
2015, Dallas and Hastings 2018, Redmond and
Kelsey 2018, Copenhaver-Parry et al. 2020), indi-
cating that the weakening of climatic influences
on abundance begins early in a tree’s life cycle.
Nevertheless, given the general aridity of the
region and the bell-shaped growth response of
dominant tree species on precipitation gradients
in the Rockies (Buechling et al. 2017), it remains
notable that the relative abundance of 15 adult
and 19 sapling species monotonically declines or
shows no change at higher levels of precipita-
tion.
The frequency and pervasiveness of natural

disturbances such a fire and bark beetles in the
forests of western North America (Veblen et al.
2003, Raffa et al. 2008) suggest that the average
stand condition in these forests is likely to be in
an early post-disturbance stage compared with
many other forest biomes. Overall, this should
mean that climatic influences important in early
successional processes, like seedling germina-
tion, should predominate and that the role of
non-climatic influences common in later stages of
stand dynamics (e.g., biotic influences like
crowding; Buechling et al. 2017) might be less
important in western forests. Furthermore, we
anticipate regular natural disturbances weaken
the compositional inertia of forests to climate
change by removing canopy dominants (Can-
ham et al. 2006). However, by themselves distur-
bances and mortality agents typically do not
change a species’ distribution, but rather alter
local and landscape abundance episodically
across a portion of a species’ range.
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Despite weak or nonexistent abundant-center
relationships for many of the species in this
study, it is notable that six of the most dominant
and widespread species in the region—five of
which have their full climatic distribution cap-
tured in the dataset—showed abundance and
frequency patterns on the temperature gradient
consistent with the abundant-center hypothesis.
Given the importance of non-climatic influences
on tree demography, which weaken the climatic
signal in tree distributions, and other broad-scale
studies that found no evidence for the abundant-
center hypothesis (Thuiller et al. 2014, Dallas and
Hastings 2018), the symmetric and coincident
abundance patterns in these six dominant species
are significant. We hypothesize that the strength
of these patterns is due in part to the low alpha
diversity in the forest communities of the Interior
West region, which allows one or two species to
become unusually dominant along a portion of
the climatic gradient. However, the population
dynamics that create high abundance also
require a species have high frequency, and hence,
the patterns are synchronized along the gradient.
The centered and symmetric nature of this
dynamic, however, breaks down at the extremes
of the gradient where biotic pressure is weaker
(Buechling et al. 2017).

Niche patterns
The incidence of distributions with a clear

peak and symmetrical distributions depended
primarily on (1) frequency vs. abundance pat-
terns, (2) temperature vs. precipitation gradients,
and (3) where a species is distributed (center vs.
extremes) on the climate gradient. The majority
of species had frequency patterns that were both
bell-shaped and symmetric with temperature as
adults, but only 25% of species of adults did with
precipitation. Most species with non-bell-shaped
and non-symmetric frequencies had peak fre-
quencies at the extremes on both gradients. The
abundance of nearly all species of adults and
saplings on both gradients was neither bell-
shaped nor symmetrically distributed.

Bell-shaped frequency patterns along a gradi-
ent indicate that a species’ probability of patch
occupancy declines when moving away from its
climatic optimum, mostly likely via changes to
colonization, recruitment, or survivorship rates.
These patterns suggest that climate’s influence on

presence–absence dynamics across patches is a
fundamental filter on tree species distribution
patterns in Rocky Mountain forests. Using FIA
data in the eastern United States, Canham and
Thomas (2010) also found strong bell-shaped
patterns in frequency, particularly as a function
of temperature, suggesting that the processes
that structure tree species frequency patterns on
temperature gradients are similar across regions.
The most likely influence of climate on patch

occupancy probability is on seedling recruitment.
Seedling recruitment in the Rockies is highly sen-
sitive to climatic conditions (Foster et al. 2020),
and pulsed seedling recruitment episodes syn-
chronized to decadal-scale variation in climate
are common (Brown and Wu 2005, Gray et al.
2006, Andrus et al. 2018). In the eastern United
States, Canham and Murphy (2016a, b) also con-
cluded that seedling recruitment, compared to
growth and mortality of saplings and adults, is
the most climate-sensitive component of tree
demography. These patterns suggest that pro-
cesses that influence the frequency of a species
across patches (e.g., fecundity, germination, seed-
ling recruitment) will be particularly important
in determining how tree species respond to cli-
mate change (Canham and Murphy 2016a).
Tree species abundance patterns in contrast

indicate that once any barriers to patch occu-
pancy are passed and a species is present in a
site, relative abundance along the climate gradi-
ent generally decouples from frequency. As a
result, abundance–climate relationships overall
are weak for many species in the region. Never-
theless, western species overall displayed much
stronger climate patterning in abundance than
eastern species, as Canham and Thomas (2010)
found little-to-no variation in abundance for any
species along climate gradients. Western species
also had much less niche overlap in peak fre-
quencies than eastern species, perhaps due to
lower species richness and higher dominance in
western forests.

Climate change implications
If temperatures continue to warm as predicted

in the Rockies (Christensen and Lettenmaier
2006) and species distributions closely track
changes in climate, substantial shifts in species
frequencies in a given area are likely to occur,
particularly for dominant species. Yet, given
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wide range limits and generally non-overlapping
peak frequencies, it does not appear that forest
communities as a whole in the Rocky Mountain
region will require long-range dispersal to persist
even under substantial warming, as there are a
variety of species adapted to warmer conditions
already present within a stand or nearby along
elevation gradients across most of the region.
Hence, as a dominant species declines in an area
due to warmer temperatures, another species
already present in a lower frequency can
increase. The likelihood of this scenario, how-
ever, assumes that the response to warming is
fairly consistent across subpopulations of a spe-
cies; the patterns of response could be more
idiosyncratic if local adaptation to climate is pro-
nounced, a distinct possibility for temperate tree
species (Rehfeldt et al. 1999, Buechling et al.
2017, Canham et al. 2018).

Of course, if extreme warming happens and
the climatic range limits of tree species are
exceeded—many forecasts project much faster
warming in both montane and high-latitude for-
ests compared to the global average (Giorgi et al.
1997, Chen et al. 2003, Christensen et al. 2007)—a
far more general disruption of forests communi-
ties will occur. Indeed, there are portions of the
Rockies where warming of ~5°C could produce
dramatic effects, particularly in forests occurring
in the hottest portions of the region (>15°C
MAT), which could transition to grasslands as
warming pushes pinyon–juniper forests into
cooler areas. Similarly, subalpine forests in the
coldest forested areas of the American Rockies,
which are likely to remain forested under sub-
stantial warming, eventually could lose their
dominant species (i.e., P. engelmannii and A. la-
siocarpa) as their peak frequencies and abun-
dances shift further north. Pinus albicaulis in
particular looks like it will be disproportionately
impacted by further warming, as it experiences a
sharp decline in frequency in temperatures above
2°C and its abundance drops steeply and mono-
tonically at higher temperatures.

Changes in moisture will likely have greater
effects on the region’s forests than increases in
temperature, as so many species share a com-
mon, narrow niche around 600–700 mm in
average annual precipitation. Forecasts of
future precipitation regimes in the Rockies have
considerable uncertainty in both magnitude

and direction (Christensen and Lettenmaier
2006), but long-term decreases in precipitation
as little as 200 mm/yr could cause wholesale
changes in community composition, decreasing
the amount of forests dominated entirely by
subalpine tree species while converting mixed
conifer communities (currently occurring at
~600 mm/yr) to ponderosa pine and pinyon–ju-
niper communities. Changes in moisture also
are likely to have important indirect effects on
tree communities, most notably by altering the
frequency and severity of fires in the Rockies
(Veblen et al. 2003) and the dynamics of bark
beetle outbreaks (Negron et al. 2009), which are
widely predicted to increase under climate
change as drought stress impairs host tree
defenses and higher temperatures accelerate
beetle population growth (Temperli et al. 2015).
Overall, our results suggest that species found
at the drier and colder ends of these climate
gradients will be most sensitive to future cli-
mate change, given their steep and mostly
monotonic drops in frequency and abundance
with even small shifts in climate.
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Ecosphere

Peaks in frequency, but not relative abundance, occur in 
the center of tree species distributions on climate gradients

Patrick H. Martin and Charles D. Canham

Appendix S1
-Figure S1. FIA plot locations across the Interior West
region.
-Figures S2-S21. Observed data of individual tree species
climate distributions (nested in the climate space of the
full dataset), observed presence data for each species on
temperature and precipitation gradients, and maps of each
individual species' occurrence in FIA plots.
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All FIA plot locations -- Interior West Region

Figure S1. Per our security memorandum with the FIA program, the 
FIA plot displayed here are the publicly available "fuzzed and 
swapped" locations, not the true plot locations used in our analysis.
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Ecosphere

Peaks in frequency, but not relative abundance, occur in 
the center of tree species distributions on climate gradients

Patrick H. Martin and Charles D. Canham

Appendix S2
Temperature Distributions – Modeled presence and 
relative abundance distributions with 2-unit support 
intervals for adults and saplings of dominant tree species 
on temperature gradients in the Interior West Region, and 
observed presence and relative abundance in the FIA data.
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Acer grandidentatum  −  bigtooth maple



0 5 10 15 20

0.
00

0.
02

0.
04

0.
06

Temperature (C)

P
re

se
nc

e

Adults
Saplings

−3 0 3 6 9 12 15 18 21

Temperature (C)

P
re

se
nc

e
0.

00
0.

02
0.

04 Adults
Saplings

0 5 10 15 20

0
20

40
60

80
10

0

Temperature (C)

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

Adults
Saplings

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

0 5 10 15 20

0
20

40
60

80
10

0

Temperature (C)

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●

●

●

Adults
Saplings

Cercocarpus ledifolius  −  curlleaf mountainmahogany
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Juniperus deppeana  −  alligator juniper
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Picea engelmannii  −  Engelmann spruce
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Pinus albicaulis  −  whitebark pine
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Pseudotsuga menziesii  −  Douglas−fir
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Quercus arizonica  −  Arizona white oak
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Quercus emoryi  −  Emory oak
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Quercus gambelii  −  Gambel oak



Ecosphere

Peaks in frequency, but not relative abundance, occur in 
the center of tree species distributions on climate gradients

Patrick H. Martin and Charles D. Canham

Appendix S3
Precipitation Distributions – Modeled presence and 
relative abundance distributions with 2-unit support 
intervals for adults and saplings of dominant tree species 
on precipitation gradients in the Interior West Region, and 
observed presence and relative abundance in the FIA data.



500 1000 1500

0.
00

0.
10

0.
20

0.
30

Precipitation (mm)

P
re

se
nc

e

Adults
Saplings

200 500 800 1100 1500

Precipitation (mm)

P
re

se
nc

e
0.

00
0.

04
0.

08

Adults
Saplings

500 1000 1500 2000

0
20

40
60

80
10

0

Precipitation (mm)

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

Adults
Saplings

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

500 1000 1500 2000

0
20

40
60

80
10

0

Precipitation (mm)

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

●

●

●

●

●

●

●

●

●

●

●● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

● ●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

● ●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●●

●

●

●

●

●

●

●

●

●

Adults
Saplings

Abies concolor  −  white fir



500 1000 1500

0.
0

0.
2

0.
4

0.
6

0.
8

Precipitation (mm)

P
re

se
nc

e

Adults
Saplings

200 500 800 1100 1500

Precipitation (mm)

P
re

se
nc

e
0.

0
0.

2
0.

4
0.

6
0.

8

Adults
Saplings

500 1000 1500 2000

0
20

40
60

80
10

0

Precipitation (mm)

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

Adults
Saplings

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ● ●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●●

●

●

●

● ●

●
● ●

●

●
●

●

●●

●

●
●

●●●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●
● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●
●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

●
●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

500 1000 1500 2000

0
20

40
60

80
10

0

Precipitation (mm)

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●●

●

●

●

●

●

● ● ●●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

● ●●

●

●

●

●

●

●

●

●

●

●

● ● ●●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

● ●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

● ●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

● ●● ●

●

●●

●

●

●

●

●

● ●●

●

●

●

●

●

●

●

●

●

●

● ●

●

●● ●

●

● ●●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●● ●

●

●

●

●

●● ●● ●

●

● ●

●

●

●

●

●

●●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●●●● ●● ●

●

●

●

●

●

●

●

●

● ●●●● ●

●

●

● ●●

●
●

●

●

●

● ●

●

●

●●

●

●

●

●

●

●

●● ●●

●

●

●

●●

●

●●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

● ●●

●

●

●

●●●

●

●

●

●

● ●

●
●

●

●

●

●

●

●

●

● ●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

● ●●

●

●● ●

●
●

●

●

●

●

●
●

●

●

●

●

● ●

●●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ●

●

●●

●

●

●

●

● ●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

● ●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●●● ●

●

● ●

●

●

●

●

●

●

●

●

● ● ●● ●

●

●

● ●● ●

●

●

●

●

●

●●

●

●

●

● ● ●

●

●

● ●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

● ●●

●

●●

●

●

●

●

●

●

●

● ● ●●

●

●

●

●

● ●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●●● ●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●●●

●

●

●

● ●● ●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

● ●

●

●●

●

●

●

● ●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

● ●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●● ● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

● ●●

●

●●

●

●

●

●

●

●

●

●

● ●● ●

●

●
●

●

●

●● ●

●

●

●

●

● ●

●●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

● ●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●● ●

●

●

● ●●●

●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●● ●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●

●

●

●

●● ●

●

●

●

●

●

●

●●

●

●

● ●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

● ●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

● ●

●

●

●

●

●

●

●

●●

●

●

● ●

●

●

●

●● ●●● ●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●●● ● ●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●● ●

●

●

●

●

●●

●

●

●

●

● ●

●

●

●

●

●

●

●

●●●

●

●● ●

●

●

● ●

●

●

●

● ●

●

●● ●
●

●

●

●

●

●

●●●●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●●● ●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

● ●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●

●●

●

● ●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

● ●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

● ● ●●● ●●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●●

●

●

●

●

●● ●

●

●

●

●●

●

●

●

●

●

●

●

●

●

● ●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

● ●

●

●

●

● ●●●

●

●● ●●

●

● ● ●

●

●

●

●

●
●

●

● ●●

●

●

●

● ●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Adults
Saplings

Abies lasiocarpa  −  subalpine fir
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Abies lasiocarpa var. arizonica  −  corkbark fir



500 1000 1500

0.
00

0.
02

0.
04

Precipitation (mm)

P
re

se
nc

e

Adults
Saplings

200 500 800 1100 1500

Precipitation (mm)

P
re

se
nc

e
0.

00
0

0.
01

0
0.

02
0

Adults
Saplings

500 1000 1500 2000

0
20

40
60

80
10

0

Precipitation (mm)

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

Adults
Saplings

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

500 1000 1500 2000

0
20

40
60

80
10

0

Precipitation (mm)

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

●●

●

●

●

●

●

●● ●

●
● ●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

● ●● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Adults
Saplings

Acer grandidentatum  −  bigtooth maple
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Cercocarpus ledifolius  −  curlleaf mountainmahogany
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Juniperus deppeana  −  alligator juniper
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Juniperus monosperma  −  oneseed juniper
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Picea engelmannii  −  Engelmann spruce
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Pinus albicaulis  −  whitebark pine
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Pseudotsuga menziesii  −  Douglas−fir
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Quercus arizonica  −  Arizona white oak
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Quercus emoryi  −  Emory oak
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Saplings

Quercus gambelii  −  Gambel oak
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