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Disequilibrium in Trait-Climate
Relationships of Trees and Birds
Brody Sandel*

Department of Biology, Santa Clara University, Santa Clara, CA, United States

Climate change is expected to drive changes in the structure of ecological assemblages,

but these responses might show considerable time lags. If these lags are large, then

the observed composition of assemblages will fall out of equilibrium with current

climatic conditions. This disequilibrium has several expected signatures, including

trends in the magnitude of climate relationships through time and stronger climate

relationships across space than through time. Here, I describe spatial and temporal

patterns of functional assemblage composition of birds and trees and ask whether

there is evidence of disequilibrium between climate and functional assemblage structure.

I used bird assemblage data from the Breeding Bird Survey (BBS) and tree data

from the Forest Inventory and Analysis program (FIA), in both cases spanning the

continental United States and covering the time period 1970–2016. To describe

functional assemblage composition, I used the community weighted means of five

functional traits for trees and six traits for birds, and fit linear models to explain

the variation in composition through time and across space. For most traits, spatial

relationships were much stronger than temporal relationships, consistent with lagged

responses of assemblages to climate change. Several of the traits showed trends over

the study period, in some cases associated with trends in mean annual temperature.

Others showed dynamics in the spatial relationships between climate and trait values.

For example, the mean clutch size of birds depended only weakly on temperature

in the early study period, but the relationship became strongly negative by 2016.

While precipitation was often an important predictor of spatial patterns of functional

composition, it was typically weakly correlated with the temporal patterns. This likely

reflects the fact that temperature experienced more consistent long-term trends over the

study period, whereas large year-to-year fluctuations in precipitation prevent composition

from ever coming into equilibrium with precipitation in a particular year. Overall, there

was substantial evidence of disequilibrium between functional assemblage composition

and climate.

Keywords: functional traits, legacies, space-for-time substitution, birds, trees, climate, assemblage dynamics

INTRODUCTION

Environmental conditions strongly influence the composition of ecological assemblages, and
changes in these conditions are therefore expected to drive dynamics in composition. These include
shifts in relative abundance of resident species, local extirpation, and colonization by new species.
However, these dynamics may be slow relative to the pace of changing conditions, in which case
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past conditions will leave a legacy on current composition
(Svenning and Sandel, 2013; Blonder et al., 2018). For example,
after a particular change in conditions, species that are no
longer well adapted may maintain a sink population at a site
for years or even centuries. At the same time, dispersal lags may
prevent the establishment of new species at that site, sometimes
for millennia (Svenning and Sandel, 2013). The unexpected
presence of unsuitable species or absence of suitable species
in a particular set of conditions are ecological legacies of the
previous conditions.

When these legacies occur, the ecological response to a change
in an environmental condition will be more sensitive across space
than through time. This is because changes through time at
one location are constrained by legacy effects at that location.
For example, across grassland sites in the central United States,
there is a strong positive correlation between annual precipitation
and aboveground NPP. At one such site, there is also a positive
relationship between rainfall in 1 year and production in
that year, but the relationship has a substantially lower slope
(Lauenroth and Sala, 1992). This lower slope likely reflects the
fact that assemblage dynamics are typically slower than the
dynamics in precipitation, such that the productivity observed at
any one time is a function of the integral of precipitation over
multiple preceding years. Thus, those preceding years exert a
legacy that prevents complete equilibrium between productivity
in 1 year and precipitation in that year.

Slow assemblage dynamics relative to the environmental
factors that drive change can also leave legacies in the functional
composition of assemblages. In Europe, plant assemblages have
higher functional diversity and functional dispersion in areas
that have experienced relatively stable temperatures during the
Late Quaternary, suggesting that more rapidly changing climate
lead to lags in the build-up of functional diversity (Ordonez
and Svenning, 2015, 2016). Similarly, in the New World,
paleoclimatic conditions influence the functional composition
and functional diversity of plant assemblages (Blonder et al.,
2018). Globally, historically unstable climates are associated with
shorter tree canopies (Zhang et al., 2016), while New World
palms have larger fruits in less stable climates (Göldel et al., 2015).
On shorter time scales, shifts in the functional composition of
grassland plant assemblages following experimental watering do
not reflect changes in composition along natural precipitation
gradients (Sandel et al., 2010). This is probably because
community dynamics are relatively slow. Dry-adapted species
that have historical been common are likely to continue to be
common at a site for some time even after conditions at that
site have become less suitable for them. On the other hand, wet-
adapted species might be rare or absent from a site and take years
or decades to reach their new equilibrial abundance. Consistent
with this idea, plants have shifted their distributions under
recent climate change, but more slowly than climate conditions
themselves have shifted (Bertrand et al., 2011; Ash et al., 2017).

Despite being more mobile than plants, similar lags have
been observed for birds. Bird range shifts in North America
and Europe have lagged behind the shifts in climate conditions
(Devictor et al., 2008; La Sorte and Jetz, 2012; Lehikoinen and
Virkkala, 2016; but see Currie and Venne, 2017). This may have

resulted in community composition falling out of equilibrium
with climate. Indeed, spatial relationships suggest that warmer
temperatures should be associated with smaller bird bodymasses,
but warming trends over 27 years have instead been accompanied
by increases in community-averaged body mass (La Sorte et al.,
2009). This could reflect an influence of body mass on lag times:
greater dispersal ability of large-bodied species could lead to
greater representation of these species following some climate
change. Bird community composition also responds differently
to spatial and temporal changes in landscape heterogeneity
(Bonthoux et al., 2013). Still, while birds have shown important
lags in many cases, we might generally expect them to respond
faster than trees, which are longer-lived and not mobile.

These patterns have important implications for the dynamics
and function of ecosystems under climate change, as well as
for our ability to predict species responses to climate change.
NPP, for example, is influenced by an array of factors ranging
frommicrobial respiration rates to changes in soil nutrient pools,
which can change with very different lags. Thus, it is likely that
the response of NPP to warming will be complex, exhibiting
changing magnitudes and perhaps directions over time (Shaver
et al., 2000; Rustad, 2006). Indeed, experimental warming studies
have found that early responses of NPP and carbon fluxes can
differ dramatically from those observed after several years of
treatment (e.g., Melillo et al., 2002; Xu et al., 2012). Despite this,
large-scale models of ecosystem dynamics often predict smooth
trajectories of change in parameters such as NPP and soil C
under warming (e.g., Cramer et al., 2001; Gang et al., 2017). The
dynamics of responses to changing NPP might also be complex.
Across space, bird richness increases with NPP, but negative and
positive relationships are roughly equally common through time
(Dobson et al., 2015).

Unfortunately, the complexity introduced by lagged responses
at multiple time scales also complicate predictions from
experimental studies. In forests, for example, dynamics in species
abundances can be extremely slow, showing legacies for a
thousand years or more (Pacala et al., 1996; Svenning and Sandel,
2013). Dynamics in assemblages of highly mobile organisms or
those with shorter generation times might generally be faster, but
are probably often longer than most experimental manipulations
are maintained. Thus, long-term dynamics may not be predicted
by short-term responses (Sandel et al., 2010). On the other hand,
space-for-time substitutions may also provide a poor prediction
for short-term dynamics because the climate differences that
exist across space have typically existed for a long time, whereas
the change in assemblages caused by a change in conditions at
one location will be constrained by the legacy of the previous
assemblage composition (Adler and Levine, 2007; Blois et al.,
2013). Thus, it is of fundamental importance to understand the
dynamics of assemblage composition across both spatial and
temporal climate gradients.

Here, I compare temporal and spatial relationships between
climate and functional assemblage composition. Lags induced by
slow community dynamics should cause assemblage composition
to fall out of equilibriumwith climatic conditions, causing weaker
relationships between climate and functional composition across
time than across space. I ask whether these temporal relationships
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are indeed weaker, using tree and bird assemblage data from
the US.

MATERIALS AND METHODS

Data
Assemblage Composition
Tree assemblage data were obtained from the Forest Inventory
and Analysis (FIA) project (Bechtold and Patterson, 2005). The
FIA monitors a massive network of forest plots across the
United States, with a return interval of 5–7 years in the eastern
US and 10 years in the westernUS. Though the sampling protocol
in the early years varied among regions, beginning in 1995 the
FIA established a national standard plot layout (Bechtold and
Patterson, 2005). Here, I use data from 4 “microplots” at each
sampling location, each 2.07m in radius. All trees above 1 inch
(2.54 cm) dbh were recorded. For each sampling location in
each year, I computed the relative abundance of each species by
dividing the number of trees of that species by the total number
of trees.

I used FIA data from 1970 to 2016. Sampling intensity has
increased through time, from about 5,000 plots per year in the
1970s to about 20,000 plots per year in the 2000s. In total, the
FIA dataset here contains relative abundances for 401 tree species
across 626,841 site-year combinations.

I used the Breeding Bird Survey (BBS) to describe bird
assemblage composition through space and time (Pardieck et al.,
2018). BBS surveys occur during the height of the breeding
season, mainly in June. Surveyors follow a route (about 24.5
miles long), stopping every 0.5mile to conduct a 3min point
count of birds seen or heard within 0.25 miles. Again, sampling
effort has increased through time, from about 1500 routes per
year in the 1970 s to 2500 routes per year in the 2000 s. For
each route, I calculated the relative abundance of each bird
species, removing the occasional nocturnal species (33 total) as
these are not typically detected during the surveys. I used survey
data from 1970 through 2016. In total, the BBS dataset here
contains relative abundances for 601 bird species across 102,854
route-year combinations.

Functional Traits
For trees and birds, I selected a small suite of functional traits that
are expected to relate to their ecological and life history strategies.
For trees, I used five traits: specific leaf area (SLA), leaf nitrogen
concentration per mass (Nmass), maximum height (Height),
seed mass (Seed) and wood density (WD). Seed mass data were
taken from the Kew Gardens Seed Information Database (Royal
Botanic Gardens Kew., 2018), while the other trait data came
from TRY—The Plant Trait Database (Kattge et al., 2011, full
references for all data sources are inData Sheet 2). Of 401 unique
taxon names in the FIA data, 43 were identified only to genus or
family. Of the remaining 358, I have SLA data for 52.5%, height
for 88.9%, Nmass for 48.3%, Seed mass for 79.0%, and WD for
58.9% of species. However, more common species are more likely
to havemeasured trait values, so themean coverage of traits at the
assemblage level was above 86% in all cases (SLA: 88.2%, Height:
94.7%, Nmass: 87.2%, Seed: 86.1%, WD: 91.9%).

For birds, I used three variables related to size and
reproductive strategy: adult body mass (Mass), mean clutch
size (Clutch) and egg mass (Egg); and three related to
diet: proportions of the diet constituted by plants and seeds
(PlantSeed), invertebrates (Invert) or vertebrates/scavenging
(VertFishScav). Clutch size and egg mass data came from the
bird trait database by Lislevand et al. (2007), and body mass
and diet from EltonTraits 1.0 (Wilman et al., 2014). In total, I
was able to obtain body mass and diet data for 79.8%, clutch
size for 79.0% and egg mass for 73.7% of species. However,
more common species were more likely to have had measured
trait values, so the route-level mean trait coverages were higher
(98.4% for mass and diet, 90.6% for clutch size and 90.9% for
egg mass).

For each FIA plot or BBS route, and for each trait, I computed
the community-weighted mean (CWM). This is the mean value
of the trait for all species in the assemblage, weighted by their
relative abundances.

Climate
I used two simple measures of climate—mean annual
temperature and annual precipitation (MAT, AP). In both
cases, my annual period spanned from July of the previous year
to June of the focal year, reflecting the fact that most sampling
of bird and tree communities occurred in the summer of the
focal year. These two variables are not expected to explain all
of the variation in functional composition, but are often among
the important correlates of assemblage structure. I extracted
annual temperature and precipitation from the PRISM climate
data (PRISM climate group, 2018) for each assemblage location
and for the years 1970 through 2016. For FIA data, I simply used
the coordinates of the plot location. For BBS data I computed
the mean climate data along the sampling route in most cases.
However, in 13% of cases I was unable to obtain the full route
path, and instead used the coordinate of the starting point of the
route to extract climate information. Among the 87% of routes
where I had both climate summaries, they were highly correlated
(r = 0.97 for AP and r = 0.99 for MAT).

Analysis
All of the main analyses focus on the relationship between the
two climate variables (MAT and AP) and the CWMs of traits.
In each case, I fit an ordinary least squares linear model to
predict CWMs from MAT and AP, but varied the subsets of data
used. One class of models (spatial models) attempt to explain the
variation in trait CWMs across space in one year as a function
of the climate in that year. The other class of models (temporal
models) attempt to explain variation in trait CWMs across
time in one location as a function of climate through time in
that location.

Spatial Models
I created a 0.5 × 0.5 degree grid spanning the study region. For
each grid cell and each year from 1970 until 2016, I identified
the bird or tree assemblages in that year and grid cell, and
computed the mean of the MAT and AP values extracted for
these assemblages. In the same way, I computed the mean of each
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trait value for assemblages measured each year within each grid
cell. For BBS data, I considered a route to be within a cell if its
starting coordinate was in that cell. For each year, I then fit a
linear model for each of the 11 traits, each predicting the spatial
pattern of mean trait values in that year from the spatial patterns
of temperature and precipitation that year. Thus, the core output
here were coefficients describing the relationship between MAT
and AP for each of 11 functional traits in each of 47 years.

Temporal Models
Within each 0.5 × 0.5 degree grid cell, I fit a linear model to
predict trait means in assemblages in that cell in each year from
MAT and AP in those years. Many cells did not have complete
temporal coverage over the time period, and I used only cells with
more than 5 years of complete data. This produced, for each of the
11 traits, coefficients describing the influence of changing MAT
and AP at each of 3,238 cell locations for trees and 2396 locations
for birds. For birds, the sampling in most cells spanned 45 years,
and 78% of cells spanned at least 25 years. For trees, most cells
spanned 28 years or more, with 65% spanning at least 25 years.

In addition, I assessed the trend in MAT, AP and trait values
in each grid cell by regressing each of those variables against year.
I then computed the correlation coefficients between the spatial
patterns of trends in climate variables and the spatial patterns of
trends in trait means (e.g., asking whether areas that have warmed
more have also experienced larger trends in trait means).

Time-Averaged Models
I then repeated all of the above models but replaced the annual
precipitation or temperature measurements with their 5-year or
10-year mean prior to the focal year. This provides insight into
the magnitude of lags. If temporal coefficients are generally weak
when using just climate data from the year when the assemblage
was observed, it is possible that they will be stronger considering
the recent climate history at that location. Integrating climate
over a longer time period may provide a better reflection of
assemblage responses, by more closely matching the time scale
of assemblage-level responses.

All analyses were conducted in R 3.4.1 (R Core Team, 2017),
making heavy use of the raster (Hijmans, 2017) package.

RESULTS

Spatial Patterns
All eleven traits showed marked spatial patterns across the
United States (Supplemental Figure 1). Tree SLA, Nmass and
WD tends to be low in the western US and high the east. Seed
mass shows a latitudinal pattern, with larger seeds in the south.
The tallest tree assemblages are found along the west coast.
Among birds, there is a latitudinal gradient in clutch size, with
smaller clutches at lower latitudes. In contrast, variation in mass
and egg mass is mainly longitudinal, with the largest masses
found in mid-longitudes. Similarly, invertebrates made up the
largest fractions of bird diets at mid-longitudes, while plants and
seeds made up the largest portions of the diet in the east, west and
upper Midwest.

Tree Trait-Climate Relationships
On average, temperature and precipitation explained 30%
of the variance in tree SLA among grid cells in a year
and 20% of the variance among years in a grid cell
(Table 1). Spatially, SLA showed inconsistent relationships
with temperature from year to year, with significant negative
relationships in 21 years and significant positive relationships
in 10 years (mean temperature slope = −0.021, Figure 1;
Supplemental Figure 2). Precipitation was more consistent, with
significant positive relationships in 30 years and negative in 5
years (mean slope = 0.400, Figures 1, 2). Temporal variation
in temperature was inconsistently related to variation in SLA
within a grid cell, with some grid cells showing positive
relationships and others negative, and no overall deviation
of these coefficients from a mean of 0 (one sample t-test,
P > 0.05). However, there was a tendency toward increased
SLA in wet years (mean slope = 0.037, P = 0.012). There
was a significant trend toward decreasing SLA over the
study period, and the magnitude of this trend was weakly
positively correlated with the trend in precipitation (r = 0.10,
P < 0.001, Figure 3).

For Nmass, spatial models explained an average of 25%
of the variance, while temporal models explained 20%. In
total, spatial patterns of Nmass were negatively related to
temperature, though this relationship was variable among years
(mean slope = −0.015, P < 0.001, Supplemental Figure 2).
In contrast, there was a weak tendency for warmer years to
have higher Nmass values (mean slope = 0.004, P < 0.001).
Precipitation was not associated with Nmass across either time
or space (Supplemental Figure 3). Nmass increased slightly over
the study period, but the magnitude of this trend was not related
to the magnitude of the trend in temperature or precipitation
(|r| < 0.04).

Spatial and temporal models each explained 20% of the
variation in height. In the early years of the study, the coefficients
relating spatial patterns of precipitation and temperature with
mean height showed substantial variation, but beginning around
2,000 stabilized with a positive influence of precipitation and
a weak negative influence of temperature. In contrast, through
time, precipitation and temperature both had a negative influence
on Height (Supplemental Figure 4). Overall, there was a trend
toward lower height values through time, and this pattern was
weakly associated with the trend in temperature (r = −0.11,
P < 0.001).

For seed mass, spatial models explained 24% of the variation
and temporal models explained 19%. Spatially, warmer grid cells
tended to have larger seed masses. In 22 years, drier conditions
were associated with larger seed masses, while the reverse was
true in 7 years. Temporal relationships between seed mass
and temperature or precipitation were weak and inconsistent
among grid cells (Supplemental Figure 5). Seed mass showed no
significant trend over the study period.

Spatial models explained 32% of the variation in WD, while
temporal models explained 19%. The highest WD values are
found in warm climates, and this relationship appears to be
stabilizing through time. On the other hand, precipitation
was weakly associated with WD. In aggregate, the temporal
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TABLE 1 | Summaries of models (mean coefficients and mean R2 values) relating spatial or temporal patterns of functional composition with mean annual temperature

(MAT) and annual precipitation (AP).

Spatial Temporal

MAT AP R2 MAT AP R2

SLA −0.021** 0.4*** 0.295 0.004 0.037* 0.199

Nmass −0.015*** −0.012 0.247 0.004*** 0.006 0.200

Height −0.008 0.105* 0.199 −0.015*** −0.053*** 0.198

Seed 0.105** −0.07 0.239 0.011 −0.063 0.192

WD 0.009*** 0.007 0.317 0.003*** 0.002 0.195

Mass 0.028*** −0.204*** 0.136 0.004* 0.017 0.113

Clutch −0.007*** 0.013*** 0.218 −0.003*** 0.001 0.114

Egg 0.02*** −0.133*** 0.119 0.008*** 0.024* 0.114

PlantSeed 0.007*** −0.039*** 0.105 −0.003*** −0.001 0.113

Invert −0.001*** 0.088*** 0.077 0.004*** 0.009** 0.117

VertFishScav 0.002*** −0.01*** 0.055 0.003*** 0.005* 0.115

*P < 0.05, ** P < 0.01, ***P < 0.001.
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FIGURE 1 | Mean regression coefficients relating precipitation (A) and temperature (B) to each of eleven functional traits. For each pair of bars, the left (dark) bar

indicates the mean spatial coefficient and the right (light) bar the mean temporal coefficient. The error bars indicate the 95% confidence interval. Each bar aggregates

the coefficients across years (for the spatial models) or grid cells (for the temporal models). The number of individually significant years or grid cells is shown above (for

positive) or below (for negative) the bars.

relationships between temperature and WD were positive,
though there was substantial variation among grid cells in the
sign of this relationship (Supplemental Figure 6). WD did not
show any trend over the study period.

Bird Trait-Climate Relationships
Spatial models explained, on average, 14% of the variance
in bird body mass, while temporal models explained 11%
(Table 1). Across space, bird body masses were consistently
and positively related to temperature (Figure 4) but were
hardly related to temperature within a grid cell through
time. Similarly, precipitation and body mass were consistently
negatively correlated across space but were in fact slightly
positively related to precipitation within cells across years

(Supplemental Figure 7). The negative correlation between
precipitation and body mass strengthened somewhat over the
study period. There was no overall trend in mean body mass.

For clutch size, spatial models explained 22% of the variance,
while temporal models explained 11%. Clutch size was strongly
negatively related to temperature across space, and became
increasingly so over the study period. At the same time,
the spatial relationship between clutch size and precipitation
deteriorated from positive in 1970 to nearly absent in 2016.
Across time within grid cells, temperature had no consistent
relationships with clutch size, but wetter years were associated
with smaller clutch sizes (Supplemental Figure 8). Clutch sizes
declined overall in the study period, with the strongest declines
in areas that have warmed the least (r = 0.11, P < 0.001).
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FIGURE 2 | Spatial and temporal relationships between SLA and precipitation. (A) Shows the spatial models for each year between 1970 and 2016 (earlier years are

in red, later in blue). (B) Shows the temporal models for each 0.5 x 0.5 degree grid cell. (C) compares the distributions of these coefficients, showing their mean and

standard deviation. (D,E) show the pattern of spatial coefficients over time and temporal coefficients over space, respectively. In (D,E), points are gray if the regression

coefficients was not significant in that year or cell.

For egg mass, spatial models explained 12% of the variation,
while temporal models explained 11%. Egg masses were larger in
warmer and drier grid cells. These relationships were consistent
among years, and showed little trend through time. Through
time within a grid cell, greater egg masses were associated with
warmer and wetter years (Supplemental Figure 9). There was
an overall trend toward larger egg masses, somewhat more
so in areas that have experienced less increase in temperature
(r =−0.046, P = 0.03).

Temporal models explained somewhat more of the variation
in diet than did spatial models (spatial R2 for PlantSeed = 0.10,
Invert = 0.08 and VertFishScav = 0.06, compared to temporal
R2 of 0.11, 0.12 and 0.11, respectively). Spatially, wetter
climates tended to have lower PlantSeed and VertFishScav
fractions, and more Invert. Wetter years at one site tend to be
associated with more Invert and more VertFishScav. Warmer
sites had higher PlantSeed and VertFishScav and lower Invert
fractions, while warmer years had lower PlantSeed and higher
Invert and VertFishScav fraction (Supplemental Figures 10–12).
There has been a trend toward lower PlantSeed (particularly
in areas that have gotten warmer or wetter, r = −0.07,
P < 0.001 in both cases) and higher Invert (particularly in
areas that have gotten warmer and wetter, r = 0.08 and
r = 0.14, respectively, P < 0.001) and VertFishScav (particularly
in areas that have gotten wetter, r = 0.09, P < 0.001)
through time.

Time-Averaged Models
The results above are based on MAT and AP measured in the 1
year prior to community sampling. Replacing these variables with
averages over 5 or 10 produced regression coefficients that were
broadly similar (Figure 5). However, some model coefficients did
shift consistently when increasing the time period over which
MAT or AP were averaged. This was particularly pronounced
in temporal models for birds. For example, precipitation had
a weak relationship with body mass and egg mass in birds,
but this influence became increasingly positive as the time-
span increased. Interestingly, as the time span increased, the
equivalent spatial relationships actually become somewhat more
negative. R2 values for spatial models were not strongly affected
by the time span (R2 values were always within 0.04), but
temporal models had higher R2 values, particularly for birds
(average R2 increased by 0.016 and 0.031 in the 5- and 10-year
models for trees, and by 0.08 and 0.124 for birds).

DISCUSSION

This study examined patterns of variation in functional
assemblage composition across space and time in two
large groups—birds and trees. Across these two groups,
several generalities emerged. First, both temperature and
precipitation influence the spatial patterns of assemblage
functional composition, but temperature appears to more
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FIGURE 3 | The mean magnitude of trends through time in each functional

trait. Error bars show in the 95% confidence interval, and bars whose intervals

overlap 0 are shown in white.

strongly influence temporal dynamics of composition over
this time period. Second, temporal relationships were typically
weaker and more inconsistent than spatial relationships, and
sometimes differed in sign. Similarly, for nearly every trait (bird
diet categories are the exception), the spatial models explained
more variation than the temporal models. Finally, for birds,
using 5- or 10- year averages of climate sometimes substantially
increased temporal coefficient estimates compared to 1-year
averages and improved model R2. Together, these results suggest
that there are substantial lags in the response of functional
community composition to variation in climate.

In some cases, the temporal relationships and spatial
relationships differed not only in magnitude, but in sign. For
example, wetter periods are associated with larger bird body
masses and egg masses, trait states that are spatially associated
with drier areas. This is similar to the pattern observed in winter
bird assemblages, in which body masses have tended to increase
with warming through time, but larger-mass assemblages are
spatially associated with cooler temperatures (La Sorte et al.,
2009). However, in this study of summer bird assemblages, spatial
models suggested a positive relationship between temperature
and body mass, while temporal models revealed very little
relationship. In plants, experimental watering often leads to
opposite trait responses compared to the spatial relationship
(Sandel et al., 2010).What could explain these discrepancies? One
possibility is that, following a climate perturbation (either natural
or experimentally applied), the assemblage initially responds
through changing relative abundances of species, with relatively
little influence of colonization and extirpation. Over time, these
changes in species abundance could create feedbacks that favor

trait states opposite to those originally favored by the change,
while at the same time, larger influences of colonization and
extirpation can drive more dramatic changes in the functional
composition. Related patterns are well-known from succession.
Following a disturbance, a particular species or functional group
might originally increase in abundance but eventually, perhaps
through a negative feedback loop, be replaced by another set of
species (e.g., Bergeron, 2000; Capitanio and Carcaillet, 2008).

Why are temporal responses to temperature more
pronounced than were temporal responses to precipitation?
The answer is evidently not that precipitation is unimportant
for structuring assemblage composition, as the spatial pattern
of traits were sometimes strongly associated with precipitation
patterns. Instead, a likely answer is that the two climate variables
exhibit distinct inter-annual dynamics. Within a particular grid
cell, it is typical for there to be marked year-to-year variation in
precipitation, but few grid cells (11%) showed a significant trend
in precipitation over the study period. On the other hand, 41%
of cells showed a significant warming trend (and 1% a significant
cooling trend). Thus, the temperature in many regions has
tended to steadily increase, providing opportunities for weak
initial responses in composition to progressively strengthen
over time. However, because the variation in precipitation has a
shorter time scale (great year-to-year variation but weak trend),
initial changes in one direction in a wet year are likely to be
reversed by a following dry year. Put another way, the time
scales over which assemblage dynamics occur are much longer
than the time scales of precipitation change, but not as much
longer than the time scales of temperature change. However,
precipitation coefficients were often increasingly important in
models considering longer climate averages averages. In general,
dynamics in bird assemblages are likely to be faster than those
of trees, both because they have shorter generation times and
because they are more mobile.

In most cases, R2 values were smaller for birds than for trees.
There are several possible explanations. First, it may be that
tree distributions are more proximately controlled by climate,
whereas bird distributions are often strongly influenced by
habitat structure (e.g., Seoane et al., 2004; Meynard and Quinn,
2008). As a result, in addition to direct influences of climate
on bird distributions, they experience an additional lag due to
potentially slow dynamics in the vegetation. In addition, birds are
better able to enjoy particularly suitable microhabitats within an
area by modifying their behavior, such that the climate estimate
for a bird route might not represent the conditions experienced
by all of the species observed along that route. Finally, many of
the bird species in this region are migratory (Somveille et al.,
2013). Population trends in the breeding range of migratory birds
is not only a function of conditions in that area but also in the
winter range of the species. This could add considerable variation
to bird population counts for migratory species that cannot be
explained by local conditions in the breeding range (Faaborg
et al., 2010; Morrison et al., 2012). On the other hand, the spatial
regression coefficients for birds were less variable from year to
year than those for trees, especially in the early years of the study.
This most likely reflects the fact that the sampling of FIA plots
is not repeated annually, so that different years contain data for
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FIGURE 4 | Spatial and temporal relationships between bird body mass and temperature. (A) shows the spatial models for each year between 1970 and 2016 (earlier

years are in red, later in blue). (B) shows the temporal models for each 0.5 x 0.5 degree grid cell. (C) compares the distributions of these coefficients, showing their

mean and standard deviation. (D,E) show the pattern of spatial coefficients over time and temporal coefficients over space, respectively. In (D,E), points are gray if the

regression coefficients was not significant in that year or cell.
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different regions. As a result, the coefficients for these spatial
relationships are more variable.

While this study found evidence for lags in responses to
changing climate, there were nevertheless important changes in

the composition of bird and tree assemblages. Bird assemblages
shifted toward smaller mean clutch sizes and larger egg
masses, and herbivorous birds became less common relative to
invertebrate and vertebrate predators. This shift in diet is in
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contrast to previous results finding declines in insectivorous
birds (Nebel et al., 2010; Hallmann et al., 2014), though these
declines have been limited to smaller spatial extents. Together
with results showing increases in taxonomic and functional
diversity at similar grain sizes (La Sorte et al., 2009; Jarzyna and
Jetz, 2018), shifts in the timing of bird migrations (Cotton, 2003;
Charmantier and Gienapp, 2014) and increases of generalist
species at the expense of habitat specialists (Le Viol et al.,
2012), these results emphasize the widespread changes in bird
assemblages in response to anthropogenic changes.

It is important to note that this study used species-level means
as markers of functional strategies, and described variation in
assemblage composition using the abundance-weightedmeans of
these traits in each assemblage. Thus, a shift toward larger bird
egg masses indicates that smaller-egged species are becoming
relatively less common and larger-egged species are becoming
relatively more common. This is one, but not the only, important
driver of community function. On top of these assemblage-level
changes, individual species may express different functional traits
as climate changes, due to phenotypic plasticity and evolutionary
responses (Ackerly, 2003; Davis et al., 2005; Nicotra et al., 2010;
Van Buskirk et al., 2010; Charmantier and Gienapp, 2014). Plastic
responses to environmental gradients are likely common in
plants (e.g., Ackerly and Cornwell, 2007; Cornwell and Ackerly,
2009; Kichenin et al., 2013) and birds (Charmantier et al., 2008;
Studds and Marra, 2011), but adaptive responses can also be
observed. For example, flowering phenology of an annual plant
can evolve rapidly in response to drought (Franks et al., 2007),
and changes in snow cover have lead to evolutionary responses
in owl plumage color (Karell et al., 2011).

CONCLUSION

Several patterns reported here converge to indicate that temporal
dynamics of functional assemblage composition are typically out

of equilibrium with the current climate. This has important
implications. First, space-for-time substitutions are likely to
provide poor predictions for dynamics under climate change, at
least for the initial responses of the assemblage (La Sorte et al.,
2009), but perhaps not for long-term responses (Blois et al.,
2013). Second, initial changes in the assemblage composition
following some change may not reflect the long-term equilibrial
response, either in magnitude or sign. A crucial challenge
for future research is to quantify the duration of assemblage
response lags (La Sorte and Jetz, 2012). Here, moving from a
one-year to a five- or ten-year average reduced the perceived
disequilibrium for birds in some cases, but amore comprehensive
analysis will require a longer time series, perhaps using
paleoecological records.
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