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Functional diversity is a passenger but not driver of drought-
related plant diversity losses in annual grasslands
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3. Initial community functional diversity was not related to species richness loss or
community variability. We found that functional diversity declined as plant spe-
cies richness and community mean specific leaf area declined over the course of
the study, and all of these trends were associated with declining precipitation,
indicating that functional diversity acted as a passenger of community change.

4. Synthesis. This study is among the first to demonstrate that recent climatic trends
may drive loss of functional diversity. Our findings highlight that functional diver-
sity does not necessarily confer community resilience when its variation is shaped
by the environment rather than by experimental treatments.
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1 | INTRODUCTION

plant growth is limited primarily by water availability (Breshears et
al., 2005; Harrison, Gornish, & Copeland, 2015; Pauli et al., 2012;

Although the effects of climate change vary geographically, many
terrestrial regions have become significantly warmer and drier, and
these changes are expected to intensify over coming decades (Cook,
Ault, & Smerdon, 2015; Huang, Yu, Guan, Wang, & Guo, 2016;
Schlaepfer et al., 2017). For plant communities, such environmental
changes may lead to substantial community shifts that could include

significant losses of plant diversity, particularly in ecosystems where

Sommer et al., 2010). Within plant communities, the responses of
individual species to warmer and drier conditions caused by climate
change are likely to vary. Functional traits can provide insight into
mechanisms linking fitness to environmental conditions (Reich et
al., 2003). For example, plant species with functional traits confer-
ring less efficient water use should be more likely to decline under

warmer, drier conditions (Dorji et al., 2015; Greenwood et al., 2017).
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Since functional diversity, or the degree of variation in community
functional traits, can be a strong correlate of ecosystem function
(Cadotte, Carscadden, & Mirotchnick, 2011; Diaz & Cabido, 2001),
understanding how functional diversity will shift with changes in
community composition is particularly important. Rapid climatic
change may deplete functional diversity through the selective losses
of vulnerable trait combinations, a possibility that is supported by
analyses of post-Pleistocene plant community change (Ordonez &
Svenning, 2017).

At the community level, plant assemblages with greater func-
tional diversity have been hypothesized to have greater constancy
of biomass and/or composition—properties we refer to here as
“resilience”—as the result of their fuller resource utilization, conse-
quent greater resistance to invasions, and/or the potential for com-
pensatory growth that arises from their greater diversity in species’
responses to perturbations (e.g. Diaz & Cabido, 2001; Folke et al.,
2004; Standish et al., 2014). These positive relationships between
functional diversity and various metrics of resilience have been
demonstrated by conceptual and mathematical models (e.g. Mori,
Furukawa, & Sasaki, 2013; Sakschewski et al., 2016). Experiments
manipulating functional diversity at the level of discrete functional
groups (e.g. grasses/forbs, N-fixers/non-fixers) have sometimes
found positive effects on biomass, invasion resistance and tempo-
ral constancy of composition (Diaz & Cabido, 2001). Evidence for
the positive effects of continuous trait-based functional diversity on
stability and resilience of communities remains somewhat scarcer,
however. A recent meta-analysis of experimental studies found
positive effects of species diversity and phylogenetic diversity but
not of trait-based functional diversity on the stability of community
biomass (Craven et al., 2018). Evidence from unmanipulated natu-
ral systems also remains inconclusive. For example, droughts in the
Mediterranean region were found to cause less reduction in growth
of a focal tree species when it was growing in functionally more-
diverse stands (Gazol & Camarero, 2016), but also to have greater
effects on the composition of shrublands that were initially more
functionally diverse (Riva et al., 2017).

Functional diversity could also act as a “passenger” of commu-
nity change, either instead of or in addition to acting as a driver of
change. For example, if altered environmental conditions primarily
affect species with certain traits, the abundance of species with
susceptible traits in a given community may provide stronger pre-
dictive power for community shifts than functional diversity per
se (Barkaoui, Roumet, & Volaire, 2016; Riva et al., 2017). In such
a scenario, the loss of susceptible species (e.g. species with lower
water-use efficiency in a drying climate) could lead to reduced
functional diversity, casting functional diversity as a community
property that changes passively in response to extrinsically driven
community change. For example, grassland functional diversity
may be enhanced where grazing by livestock reduces the domi-
nance of faster-growing species, whereas it may be undermined by
wet periods that increase this dominance (Hallett, Stein, & Suding,
2017). With regard to individual functional traits, considerable ef-
fort has been devoted to distinguishing those that act as drivers of

community and ecosystem-level effects from those that are best
described as responses to (or passengers of) environmental change
(Suding et al., 2008). With regard to multivariate functional diversity,
in striking contrast, very little previous research has attempted to
distinguish whether it is a driver or passenger of community change.

We examined 19-year trends in functional diversity in an an-
nual-dominated grassland community in which long-term changes
in species richness and functional trait means had already been
observed, and had been associated with decreasing winter precip-
itation (Harrison et al., 2015; Harrison, LaForgia, & Latimer, 2018).
We asked whether any observed trends in functional diversity could
be considered passengers in the sense that they followed directly
from the climatically induced losses of species with stress-intolerant
functional traits. We also asked whether functional diversity could
be considered a driver in the sense that communities with high initial
values of this form of diversity were more resistant to changes over
time.

2 | MATERIALS AND METHODS

2.1 | Study system & previous findings

Our study took place at the University of California McLaughlin
Reserve, a 2,776 hafacility at 366-914 m elevation in the Inner North
Coast Range (38°52'N, 122°26'W). The climate is Mediterranean
with mean temperatures of 8°C in January and 25°C in July, and
mean annual rainfall (=all precipitation) of 62 cm. Substrates in-
clude fertile soils derived from volcanic and sedimentary rocks,
and infertile, Mg-rich and nutrient-poor soils derived from serpen-
tine rock. Grasslands consist mainly of annuals that germinate in
fall (September-November) shortly after rains begin, are present as
seedlings during winter (December-February) and flower in spring
(March-May) except for a few that flower in summer. The most
abundant species on fertile soils are approximately 10 species of
exotic (Eurasian) annual grasses, and the majority of other species
are native and exotic annual forbs (non-grasses), with natives being
most prevalent on the infertile serpentine soils where exotic grasses
are sparse.

Grassland community composition was measured beginning in
2000 at 80 heterogeneous sites widely dispersed around the re-
serve, with 38 sites on serpentine and 42 on non-serpentine soils
(Harrison et al., 2015; 2018). Each site consisted of five permanently
marked 1-m? quadrats evenly spaced on a 40-m transect. Sites
were 250 m apart and were well interspersed. Species composition
was sampled annually in April and June; presence (2000-2005) and
visually estimated maximum cover (2006-2018) were recorded for
each species.

Species richness and diversity declined over the study period
on serpentine and non-serpentine soils, with native annual forbs
declining the most and no functional group increasing substan-
tially in its richness or cover (Harrison et al., 2015, 2018). Native
forbs with high specific leaf area (leaf area/ dry mass), a trait asso-
ciated with drought intolerance, declined fastest as they “blinked
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out” (i.e. disappeared from the community) more and “blinked
in” (i.e. reappeared from the seedbank) less often over time than
other species. These community changes were statistically associ-
ated with a decline in winter (December-February) rainfall, which
was the only significant quarterly climatic trend except for par-
allel declines in winter humidity and cloud cover (Harrison et al.,
2015). An extremely wet winter in 2016-2017 produced no recov-
ery in grassland diversity, and severe winter drought returned in
2017-2018. In a hierarchical model, there was an initially strong
positive effect of winter rainfall on species richness that weak-
ened with time over the period 2000-2017 (Harrison et al., 2018).
A field experiment in 2015-2017 showed that on serpentine soils,
winter drought-induced high seedling mortality and that water ad-
dition only restored native forb diversity when coupled with seed
addition. This combined evidence supported the interpretation
that prolonged winter drought led to elevated seedling mortality,
which depleted the seedbank and prevented a rebound of diver-
sity in the wet year (Harrison et al., 2018).

2.2 | Data preparation

We used data collected in 2012 on five plant functional traits: spe-
cific leaf area (SLA), carbon to nitrogen ratio (C:N), leaf dry matter
content (LDC), plant height and seed mass. These traits span the leaf-
height-seed set of plant ecological strategies (Westoby, Leishman,
& Lord, 1996). SLA, C:N and LDC all represent the leaf economic
spectrum, capturing the trade-off between “fast” (rapidly growing
species with low stress tolerance) and “slow” species (slower-grow-
ing species with greater stress tolerance); species with low SLA, high
LDC and high C:N are typically considered “slow” species while those
with the opposite are considered “fast” species (Reich, 2014; Wright
et al., 2004). Plant height may also represent a trade-off between
competitive ability and stress tolerance to some extent (Kunstler et
al., 2015). Seed mass relates to both dispersal ability as well as re-
source-acquisition life-history trade-offs (Westoby et al., 1996).
Seed weight data came from Kew Royal Botanic Gardens (2015).
All other trait data came from a previous study at our site (Spasojevic
et al., 2014), and were collected in 2012 from 10 individuals of each
species using standardized protocols (Cornelissen et al., 2003). For
species that occurred on both serpentine and non-serpentine soils,
soil-specific trait values from 10 individuals per soil were measured
and used in analyses. To improve variable normality and better meet
model assumptions, we log-transformed seed mass, plant height and
C:N; square root transformed SLA; and raised LDC to the 3.5 power.
We defined functional diversity as the degree of community-
level variation in multiple plant functional traits. We focused on
functional dispersion, defined as the mean distance of each coexist-
ing species from the community's centroid in multivariate trait space,
because it is robust, commonly used and structurally independent
from species richness (Laliberte & Legendre, 2010). Focusing on a
single functional diversity metric also allowed us to avoid issues with
multiple comparisons. We calculated functional dispersion (referred
as FD hereafter) for each site using R package FD v1.0-12 (Laliberté,

Legendre, & Shipley, 2014) after converting the species by traits ma-
trix as a Gower distance matrix.

2.3 | Statistical analyses

2.3.1 | Functional diversity as a passenger

Because drought-induced diversity losses in this ecosystem have
been previously shown to be driven primarily by losses of native
annual forbs (Harrison et al., 2015, 2018), we examined functional
diversity patterns for both the entire plant community and for native
annual forbs only. Because a few species of exotic annual grasses
make up most of the plant cover but only a small share of the plant
diversity in this system, and because we have five more years of data
for species presence-absence than cover, we used metrics based on
presence/absence rather than abundance.

To test whether FD changed over the 19-year period, we used
linear mixed models (LMMs) with FD of all species (FD,,) or FD of
native annual forbs (FD () as the response variable, year as the pre-
dictor and site as a random effect. For all models that included year,
we coded year 2000 as the Oth year so that their intercepts have
clear interpretations. To test whether winter precipitation affected

FD, we used linear mixed models with FD_, or FD_; as the response

all
variable, winter precipitation as the predictor variable and site as a
random effect. We also ran a version of these models that included
an autocorrelation structure of order 1 (AR1) to account for tempo-
ral autocorrelations, which did not qualitatively change the relation-
ships (results not shown).

To test whether changes in FD were related to changes in com-
munity mean SLA, the main trait found to predict the decline in
native annual forb richness (Harrison et al., 2015), we used a linear
mixed model with FD as the response variable, community mean
SLA as the predictor and site as a random effect. To provide insight
into whether FD responses were driven by trends in SLA (which was
correlated with functional dispersion), we also calculated FD using
the other four traits (LDC, C:N, plant height and seed mass) but not
SLA, and used this “reduced” functional diversity variable as the re-
sponse variable in a linear mixed model with year as the predictor

variable, and site as a random effect.

2.3.2 | Functional diversity as a driver

To test whether FD was a driver of species richness loss, we cal-
culated the coefficient of change in species richness of each site
over the course of the study by regressing species richness against
year. This coefficient was used as the response variable for a linear
regression with initial (year 2000) functional diversity of the same
site as the predictor variable. To test the alternate hypothesis that
initial community mean trait values could be a stronger predictor of
species richness loss than FD, we also ran a version of this model
using initial (year 2000) community mean SLA as the predictor value
in place of FD. To test whether initial functional diversity affected
other metrics related to community stability, we also ran simple



2036 Journal of Ecology

MILLER ET AL.

linear models with the coefficients of variation for total species rich-
ness, exotic plant richness and total plant cover.

All analyses and data manipulations were conducted in R v3.5.0
(R Core Team, 2018). All LMMs were conducted with package nime
v3.1.137 (Pinheiro, Bates, DebRoy, & Sarkar, 2018).

3 | RESULTS

3.1 | Functional diversity as a passenger

Functional diversity (measured as functional dispersion) de-
clined over the course of the study for both the entire community
(p = 0.037, Rg = 0.510; Figure 1) and for native annual forbs only
(p < 0.001, Rf: = 0.487; Figure 1; Table S1), the functional group that
has experienced the biggest diversity losses in this system (Harrison
et al., 2015). These declines occurred both on serpentine (entire
community p = 0.01; native annual forbs only, p = 0.04) and non-
serpentine soils, though only for native annual forbs and not the
entire community on non-serpentine (entire community p = 0.591;
native annual forbs only, p < 0.001). There was a positive trend of in-
creasing functional diversity in wetter years for all plants (p = 0.068,
Rg =0.572; Figure 2a), and there was a positive relationship between
winter precipitation and functional diversity of native forbs only
(p < 0.001, Ré = 0.743; Figure 2b; Table S2), indicating that drought
was likely a cause of the functional diversity loss.

Functional diversity was positively related to community mean
SLA for all plants (p = 0.008, Rg = 0.554) as well as the community
mean SLA of native annual forbs only (p < 0.001, Ré = 0.608; Figure
S1). Functional diversity calculated based on the other four traits
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FIGURE 1 Functional diversity declined over the course of the
study for both the entire plant community (p < 0.037, Rg =0.510)
and for native annual forbs only (p < 0.001, Ré =0.487) [Colour
figure can be viewed at wileyonlinelibrary.com]

without SLA did not decline over the course of the study for the
entire plant community (p = 0.174), though it did decline for native
annual forbs (p < 0.001).

3.2 | Functional diversity as a driver

Initial (year 2000) functional diversity was not significantly related to
change in species richness over the course of the study for either the
entire plant community (p = 0.496, Rg = 0.006) or for native annual
forbs only (p = 0.431, Ré =0.008; Figure 3; Table S3). Sites with higher
initial community mean SLA underwent greater losses of species rich-
ness both for all plants (p < 0.001, Ré = 0.186) and for native annual
forbs only (p <0.001, Rg =0.204; Figure 3) over the course of the study.
Initial functional diversity did not have a significant effect on the co-
efficient of variation of total species richness (p = 0.867, R? < 0.001)
or exotic species richness (p = 0.14, R? = 0.028). There was a weak
and marginally significant negative correlation of initial functional di-
versity with the coefficient of variation in total plant cover (p = 0.053,
R? = 0.047). Initial functional diversity trended higher on serpentine
than on non-serpentine soils (Scaled serpentine mean: 0.211, SD:
0.996; scaled non-serpentine mean: -0.191, SD: 0.975; p = 0.07).

4 | DISCUSSION

We found strong evidence that community functional diversity
can be eroded during long-term community change. Our trait-
based measures of functional diversity declined significantly as

0.11 4

All plants
Native annual forbs

0.10 1

Functional diversity (FDis)

0.09 4

5.0 55 6.0 6.5
Winter precipitation (log cm)

FIGURE 2 Functional diversity for all plants showed a positive
trend with winter precipitation (p = 0.068, Ré =0.572), and there was
a significant and positive relationship between functional diversity of
native annual forbs and winter precipitation (p < 0.001, Rg =0.743)
[Colour figure can be viewed at wileyonlinelibrary.com]
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drought-intolerant native annual forbs were lost during a prolonged
period of abnormally dry winters. Sequences of multiyear drought
punctuated by extreme rainfall events, such as occurred during our
study period, are an increasingly prevalent feature of forecasts for
California and elsewhere (Swain, Langenbrunner, Neelin, & Hall,
2018; Wang, Yoon, Becker, & Gillies, 2017), and plant communities
may not readily recover from drought-induced changes (Harrison et
al., 2018). While previous analyses have hinted at the possibility that
climatic change can erode functional diversity through trait-selective
losses of taxonomic diversity (Ordonez & Svenning, 2017), our study
presents some of the first evidence that modern-day climatic trends
may have contributed to such an outcome. Given the longstanding
paradigm linking functional diversity to ecosystem function (Cadotte
et al,, 2011; Diaz & Cabido, 2001), our result suggests the possibility
that functional diversity losses associated with climate could have
broader implications, potentially affecting multiple trophic levels.
We found little evidence for functional diversity as a driver of com-
munity change, in spite of considerable theory linking functional diver-
sity to community resilience (Folke et al., 2004; Standish et al., 2014).
Trait-based functional diversity at the beginning of our study did not
predict the magnitude of change in species richness, year-to year vari-
ance in species richness, or year-to-year variance in exotic richness
over the course of the study. Higher initial functional diversity did
weakly (marginally significantly) correlate with less year-to-year vari-
ation in plant cover, however. One of the strongest proposed mech-
anisms linking functional diversity to stability is the portfolio effect,
under which trait variation creates variation among species in their
responses to disturbances, thus leading to lower variation in aggregate

community properties such as biomass in response to disturbances

Initial values (year 2000, standardized)

(reviewed by Schindler, Armstrong, & Reed, 2015). This paradigm may
not have been very applicable to our study system, in which the com-
munity changed in a directional fashion through selective losses of
species. Interestingly, much of the previous research linking functional
diversity to community resilience has focused on functional groups
or other categorical traits (e.g. growth from, reproductive mode,
etc.; Diaz & Cabido, 2001; Spasojevic et al., 2016; Walker, Kinzig, &
Langridge, 1999), and there is less evidence that functional diversity
confers resilience when it is defined by continuous traits.

Although initial functional diversity did not influence changes in
species richness, we nonetheless found some evidence that initial
composition predicted changes in species richness over the course
of the study. Communities with higher initial mean SLA experi-
enced greater losses of species richness, apparently because they
contained more species with trait values conferring drought sus-
ceptibility. This suggests that the initial richness (or abundance) of
species with stress-sensitive traits can be more important for deter-
mining community change than overall functional diversity. While
mean trait values have been previously shown to be as important or
more important than functional diversity for resilience (Barkaoui et
al., 2016; Riva et al., 2017), documenting this pattern over a 19-year
period provides some of the strongest evidence yet that mean trait
values can be a stronger predictor of community shifts under climate
change than functional diversity per se.

Functional diversity was correlated with community mean SLA
in the grassland plant communities we observed, suggesting that
responses of functional diversity are not necessarily independent
of shifts in mean trait values. Furthermore, when functional di-

versity was calculated without SLA it did not change significantly
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over the period of the study, at least when calculated for the en-
tire plant community. These results suggest that drivers such as
drought may alter communities via trait-specific effects on in-
dividual species that, in turn, give rise to patterns in community
properties such as functional diversity. From this perspective,
functional diversity could be viewed as an artefact of shifts in
community mean trait values.

Our findings suggest that the relative importance of functional
diversity per se for community resilience remains incompletely un-
derstood. Despite the widely expressed hypothesis that functional di-
versity may confer community resilience (Folke et al., 2004; Standish
etal., 2014), there has been little consideration of the degree to which
functional diversity is independent from shifts in mean trait values.
Since correlations between mean trait values and functional diver-
sity may be common, however (e.g. Gazol & Camarero, 2016), future
research on unmanipulated systems should focus on statistically dis-
entangling patterns in individual traits (e.g. shifts in community mean
SLA) from multivariate properties such as functional diversity indices.
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