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While climate change has already profoundly influenced biodiver-
sity through local extinctions, range shifts, and altered interac-
tions, its effects on the evolutionary history contained within sets
of coexisting species—or phylogenetic community diversity—have
yet to be documented. Phylogenetic community diversity may be a
proxy for the diversity of functional strategies that can help sus-
tain ecological systems in the face of disturbances. Under climatic
warming, phylogenetic diversity may be especially vulnerable to
decline in plant communities in warm, water-limited regions, as
intensified water stress eliminates drought-intolerant species that
may be relicts of past wetter climates and may be distantly related
to coexisting species. Here, we document a 19-y decline of phylo-
genetic diversity in a grassland community as moisture became
less abundant and predictable at a critical time of the year. This
decline was strongest in native forbs, particularly those with high
specific leaf area, a trait indicating drought sensitivity. This decline
occurred at the small spatial scale where species interact, but the
larger regional community has so far been buffered against loss of
phylogenetic diversity by its high levels of physical and biotic
heterogeneity.

aridification | climate change | drought | evolutionary history |
functional traits

limate change is exerting increasingly strong effects on bio-
diversity at multiple organizational levels and spatial scales
(1, 2). In warm and water-limited climates, further warming may
cause plant species to disappear as their drought tolerances are
exceeded (3-5). In colder environments, where warming relaxes
the dominant limitation to growth, slow-growing resident plant
species may be overtaken by faster growing ecological generalists
(6), and changes in community diversity may be further shaped by
dispersal and herbivory (7, 8). How these and other climate-driven
changes to plant communities will affect phylogenetic diversity, or
biodiversity at deeper levels in the evolutionary tree of life than
the species (9, 10), is as yet largely unknown. Phylogenetic com-
munity diversity may indicate the diversity in functional strategies
(11) that stabilizes communities in the face of environmental
perturbations (12). Therefore, a better understanding of the ef-
fects of climate change on phylogenetic diversity is critical to
forecasting the future of biodiversity and ecosystem services.
Climate change will likely alter phylogenetic diversity non-
randomly because climate tolerances tend to be shared among
close relatives (13, 14). Plant phylogenetic diversity tends to be
highest where mesic lineages dependent on mild temperatures and
abundant water are found (15). Within water-limited regions,
community phylogenetic diversity may decrease along gradients of
increasing water limitation, reflecting the strong filter imposed by
aridity against older lineages with conserved traits conferring
drought intolerance (16). Declines in community phylogenetic
diversity thus may be expected within water-limited climates as
these become effectively drier and lose their mesic-adapted species
(3, 17, 18). Indeed, using contemporary relationships of phyloge-
netic diversity to climate and projecting into a warmer future, a
recent model predicted that phylogenetic diversity would decline
in warm and water-limited southern Europe, while showing more
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complex trends in northern Europe (19). Another modeling study
predicted declines in phylogenetic diversity of eucalypts in Aus-
tralia (20). However, empirical evidence of climate-driven declines
in phylogenetic diversity is scarce.

Here, we report a case of climate-driven decline in phylogenetic
community diversity. Our 19-y study encompassed an episode of
“precipitation whiplash,” a long sequence of drier than average
growing seasons punctuated by a bout of extreme rainfall, as is
increasingly expected in California and other semiarid regions (21,
22). Winter precipitation, cloud cover, and humidity declined over
most of this period, while other climate variables did not change
significantly (23). From 2000 to 2018, we recorded community
composition at 80 sites in a 2,800-ha grassland landscape with high
heterogeneity of soils and species composition and little extrinsic
disturbance. Species richness and diversity at the community
(5-m? site) scale declined over this time period, regardless of grazing
or fire history, soil type, or the abundance and diversity of exotic
species (23, 24). Native forb species with high mean values of
specific leaf area (SLA; leaf area/dry mass), a trait linked to
drought intolerance, were disproportionately lost. Precipitation
in winter (December 1 to March 1), when annuals are present as
small seedlings, declined over most of the period and was a highly
significant driver of the plant community changes (23, 24). The
winter of 2016 to 2017 was exceptionally wet. Nonetheless, diversity
did not rebound as it had in earlier wet years such as 2005 to 2006.

Significance

Models have predicted that drier climates could reduce the
amount of evolutionary history contained within ecological
communities (i.e., phylogenetic diversity), but clear empirical
evidence is still lacking. We report a drought-induced erosion of
the phylogenetic diversity of grassland plant communities. Dur-
ing a long period of drier than normal growing seasons, many
species, especially those with drought-intolerant functional
traits, were lost from communities and contributed to the de-
clines in phylogenetic diversity. Our study represents one of the
first demonstrations that climate-induced loss of diversity may
extend beyond the level of the species. However, our study also
indicates the positive value of physically and biologically com-
plex landscapes as refuges for maintaining biodiversity in a
changing world.
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Experimental and observational analyses indicated that the series
of dry winters had led to elevated seedling mortality, thus depleting
the seed bank and diminishing community resilience (24).

Given the already-observed community changes, we expected
phylogenetic diversity to decline for 2 reasons: losses of native forbs
relative to other species (many of which belong to the grass family,
Poaceae; Fig. 1) and disproportionate loss of native forbs with high
mean values of SLA, a trait that indicates drought intolerance and
may be associated with older and less rapidly evolving lineages in the
California flora (16, 25, 26). We calculated yearly phylogenetic di-
versity in these communities and analyzed its changes over the 19-y
period in relation to spatial scale, precipitation patterns, and plant
traits. We used phylogenetic mean pairwise distance (MPD) (27)
and the phylogenetic component of phylogenetic community
dissimilarity (PCDp) (28), which are mathematically independent
of species-level richness (29) and dissimilarity (28), respectively.
We tested whether phylogenetic diversity declined at the site (five
1-m? quadrats combined), within-site (among five 1-m* quadrats
10 m apart at each site), or regional (all sites combined) scale. We
asked whether the decline in phylogenetic community diversity was
related to precipitation, and whether it was associated with par-
ticular families or functional groups.

Results and Discussion

At the site scale, phylogenetic diversity (measured with MPD)
declined over time with a rate of 0.317 million years per year
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(Myly; P < 0.001; Fig. 24 and SI Appendix, Table S1). Within
sites, phylogenetic dissimilarity (measured with PCPp) among
quadrats also declined (Fig. 2B and SI Appendix, Table S1), in-
dicating that the 5 quadrats within a site tended to lose their
unshared and distantly related species. Regionally, the MPD of
species across all sites combined did not decline (Fig. 2C and ST
Appendix, Table S1), indicating that the decline in site-level MPD
resulted from losses of different species at different sites, and that
the high biotic heterogeneity among the sites buffered regional
MPD against decline. PCDp among sites within the region also did
not diminish (SI Appendix, Table S1). Within-site, among-quadrat
dissimilarity in species composition (i.e., within-site beta diversity),
not investigated in previous studies, increased over time (Fig. 3B
and SI Appendix, Table S2). This increase resulted from higher
nestedness, or tendency of species-poor quadrats to support
subsets of the flora of species-rich quadrats rather than to sup-
port unique species (i.e., turnover; SI Appendix, Table S2). Dis-
similarity in species composition among sites within the region
(i.e., among-site beta diversity) did not change (SI Appendix,
Table S2).

These changes in phylogenetic diversity (MPD) occurred in the
course of declines in site-level species richness (Fig. 34 and SI
Appendix, Table S2), as was documented in previous studies and
linked statistically and experimentally to the effects of dry winters
(23, 24). Site-scale MPD in this study was positively linked to
winter rainfall (Fig. 4), consistent with eatlier conclusions that dry
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Fig. 1. Phylogeny and SLA (square millimeters per gram) of study species (n = 248). Species names are colored according to status (native forbs and remaining

species). The top 5 families are labeled.
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Fig. 2. Temporal trends in phylogenetic diversity at different spatial scales. (A) Site-level phylogenetic MPD (million years). (B) Within-site, among-quadrat PCDp
(unitless). (C) Regional (all sites combined) MPD (million years). For each year, we plotted the mean and SE of phylogenetic diversity across all sites, which were then
used to fit the regression lines. Solid lines indicate significant trends based on LMMS with all raw diversity values, while the dashed line indicates no significant

changes over time. Test statistics are provided in S/ Appendix, Table S1.

winters were the main driver of loss of species richness in these
communities (23, 24). As was previously found for species richness
(23), the effects of winter rainfall were stronger in formerly grazed
sites than those in ungrazed sites (P = 0.034; SI Appendix, Table
S3). Although we observed a shift in the identity of dominant
exotic grass species during the course of the study, this shift (which
was unrelated to grazing history) was not significantly correlated
with trends in site-level species richness or MPD.

Because species richness declined in all groups of species (S/
Appendix, Fig. S1), the within-site total branch lengths of all species,
native forbs, and other species all declined over time, with rates of
21 Myly, 19.8 My/y, and 3.06 My}y, respectively (all P < 0.001; S/
Appendix, Fig. S1). Along with all species, within-site MPD of na-
tive forbs also declined significantly, with a rate of 0.16 My/y, while
the remaining species did not (Fig. 5).

Dividing native forbs into those with mean values of SLA above
and below the median SLA value for ecach site, the decline in site-
level MPD was found only in species with above-median SLA
(slope = —0.47 Myfy, P < 0.001; Fig. 5). Also, the decline in site-
level MPD was positively correlated with the decline in the com-
munity mean SLA of native forbs (Pearson’s p = 0.233, P = 0.037).

When considering other functional traits (seed mass, leaf dry
matter content, and plant height), only seed mass showed a pat-
tern similar to SLA, in which only the native forbs with lower than
median seed mass declined in site-level MPD (slope = —0.46 My}y,
P = 0.007). High SLA and small seeds are both part of the fast-
growing, drought-intolerant strategy, and are correlated in our
dataset (loglO-transformed seed mass and SLA: p = —0.31, P <
0.001). The removal of any family with >5 native forb species from
the analysis did not reverse the decline in site-level MPD. To-
gether, these results suggest that the decline in MPD was caused
by the loss of native forbs, especially those with the correlated
traits of high SLA and low-seed mass relative to their sites, and
that these vulnerable species were well distributed across families
as well as across the study region.

In summary, we observed a decline in the phylogenetic di-
versity of local communities that arose, in large part, from the
loss of native forbs relative to other species, many of which
were exotic grasses. Indeed, native forbs were entirely lost from
the 3 sites at which the declines in phylogenetic diversity were
strongest. The other principal cause of declining phylogenetic
diversity was the relative loss of native forb species that were
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Fig. 3. Temporal trends in taxonomic diversity at different spatial scales. (A) Site-level species richness. (B) Within-site, among-quadrat taxonomic diversity
measured by Sorensen dissimilarity. (C) Regional (all sites) species richness. Solid lines indicate significant trends based on LMMS with all raw diversity values, while
the dashed line indicates no significant changes over time. Test statistics are provided in S/ Appendix, Table S2.
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Fig. 4. Positive relationship between annual winter (December 1 to March 1)
precipitation (millimeters) and site-level MPD. Winter precipitation of 2017
was much higher than that of other years. We considered it as an outlier, and
thus did not fit a nonlinear model. **P < 0.01.

less drought-tolerant than their immediate neighbors, as evidenced
by having higher values of SLA and lower seed mass than the
site-level medians. This high-SLA and low-seed mass subgroup
at each site was responsible for the loss of site-scale phylogenetic
diversity within native forbs. Because sites varied considerably in
their species composition and their median SLA and seed mass,
the identities of the lost species were highly variable among sites,
and local losses did not scale up to produce a decline in the
phylogenetic diversity of the entire set of sites.

Our study illustrates that climate change in water-limited re-
gions may erode not only the species richness of plant communities
but the amount of evolutionary history they contain. Such a pat-
tern of loss may become widespread because climatic warming is
associated with increasing scarcity and unpredictability of growing-
season soil moisture in many regions of the world (30, 31). While
models have predicted declining phylogenetic diversity for plant
and animal assemblages in water-limited regions (19), our study
provides some of the first empirical support.

Phylogenetic diversity has been proposed as a useful proxy for
diversity in both measured and unmeasured functional traits
(11). Declining phylogenetic diversity thus suggests the potential
for concomitant loss of diversity in functional traits and resource-
use strategies (11). Recent work in our system supports this
suggestion (32); our study communities have lost some of their
functional diversity, as measured by the multivariate dispersion
in a suite of correlated traits (SLA, carbon/nitrogen [C/N] ratio,
leaf dry matter content, plant height, and seed mass; all have
significant phylogenetic signal; SI Appendix, Table S4). Just as for
phylogenetic diversity, drought-induced loss of species with high
SLA and low-seed mass species appears to drive this loss of
functional diversity (32), although other recent evidence suggests
that root and seedling traits are also important (33). In any case,
our study clearly establishes that evolutionary, trait-based, and
species-based measures of community diversity are all vulnerable
to erosion under climatic change.

Although losses of phylogenetic and functional diversity may
undermine community functioning and resilience (11, 34), we have
detected 2 potentially mitigating mechanisms in our study system.
The first is functional redundancy, or the existence of multiple
species with similar functional traits (34). During the wet winter of
2016 to 2017, while measures of community diversity did not re-
cover from their long drought-induced declines, community mean
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Fig. 5. Temporal trends in site-level MPD for different groups of species. Native forbs, especially those having higher than median SLA within sites, showed a
significant trend of declines in phylogenetic diversity. Species with lower than median seed mass within sites showed a similar pattern as species with higher than
median SLA; we did not plot this subgroup to avoid overlapping. “Other species” refers to species that are not native forbs. *P < 0.05; ***P < 0.001.
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values of SLA did recover, indicating that surviving high-SLA
species increased strongly in abundance (24). The existence
of multiple drought-intolerant, high-SLA species constitutes a
form of functional redundancy that could help stabilize com-
munity properties, such as soil microbial activity (35), in the face
of increased rainfall variability. The second mitigating mecha-
nism is spatial heterogeneity. We found no declines in phyloge-
netic diversity at the scale of the whole landscape (i.e., all sites
combined), despite the substantial declines observed at the local-
community scale. As long as the pronounced physical hetero-
geneity and biotic heterogeneity of the landscape are not eroded
by pollution, invasion, or other alterations, they will serve to slow
larger scale losses and maintain sources for possible future re-
covery of declining species.

Materials and Methods

Study Site. Our study is a continuation of work (23, 24) taking place at the
University of California McLaughlin Reserve, a 2,776-ha facility at an eleva-
tion of 366 to 914 m in the Inner North Coast Range (N 38°52', W 122°26’),
largely surrounded by >10° ha of publicly owned wildlands. The climate is
Mediterranean, with mean temperatures of 8 °Cin January and 25 °Cin July,
and mean annual precipitation (all rainfall) of 620 mm. Substrates include
fertile soils derived from volcanic and sedimentary rocks and infertile, Mg-
rich, and nutrient-poor soils derived from serpentine rock. Grasslands consist
mainly of annuals that germinate in fall (September to November) shortly
after rains begin, are present as seedlings during winter (December to
February), and flower in spring (March to May) except for <10 species that
flower in summer. The most abundant species on fertile soils are ~10 species
of exotic (Eurasian) annual grasses, and the majority of other species are
native and exotic annual forbs (nongrasses), with natives being most prev-
alent on the infertile serpentine soils where exotic grasses are sparse.

Prior analyses (23, 24, 32) found that (1) total species richness, and richness
of nearly all functional groups, declined over the study period, with native
annual forb richness declining fastest, and no functional group increased
substantially in richness or cover; (2) community mean SLA declined as high-
SLA species “blinked out” more frequently and “blinked in" less frequently
over time than low-SLA species, and community mean values of the other
traits did not change; (3) the loss of high-SLA species drove a loss of multi-
variate trait-based functional diversity; (4) soils, grazing and fire histories,
and levels of exotic species cover did not qualitatively influence these trends;
(5) winter (December to February) rainfall and winter and spring (March to
May) humidity and cloud cover declined over most of the study period, while
no other climatic variables showed significant time trends; (6) time series
models indicated that declining winter rainfall was the driver of declining
richness and mean SLA, although the positive influence of winter rainfall on
diversity weakened over time; and (7) experimental evidence supported
drought-induced seedling mortality as the main mechanism underlying
these changes.

Data. Grassland community composition was recorded beginning in 2000 at 80
highly heterogeneous sites widely dispersed around the reserve, with about
half on serpentine and half on nonserpentine soils (23). Each site consisted of 5
permanently marked 1-m? quadrats evenly spaced on a 40-m transect. Species
composition was sampled annually in April and June; presence (2000 to 2018)
and visually estimated maximum cover (2006 to 2018) were recorded for
each species.

In 2010, species-specific mean values of SLA, plant height, seed mass, leaf
dry matter content, and foliar /N ratio were measured using standard
protocols on 10 adult individuals per species on each soil type. Using these
single-time measurements, community mean trait values were computed for
each site in each year, both weighted by cover (2006 to 2018) and unweighted
(2000 to 2018). In the present study, we found that all of these traits showed
significant phylogenetic signal (S/ Appendix, Table S4).

Data on annual and quarterly values of minimum, maximum, and mean
precipitation were obtained from the Knoxville Creek weather station of the
Western Regional Climate Center, near the center of the study landscape.

Response Measurements. We standardized species names using the taxonomic
name resolution service (36) and derived a phylogeny from an updated
subset of the Open Tree of Life (37), which has been shown to produce
robust estimates of phylogenetic community diversity (38). We calculated
site-scale and regional-scale values of phylogenetic MPD (27), a metric that is
independent of species richness (29). Note that MPD is essentially the same
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as phylogenetic species variation (39); the only difference is that phyloge-
netic species variation is scaled to have a range of 0 to 1. We also calculated
within-site (among-quadrat) and among-site (within-region) dissimilarity or
beta diversity using phylogenetic community dissimilarity (PCD), a metric of
the variance in a hypothetical trait among species in one community that
can be predicted by the values of species in another community (28). PCD
can be partitioned into a nonphylogenetic component reflecting shared
species (PCDc¢; highly correlated with Sorenson beta diversity) and a phylo-
genetic component reflecting evolutionary relationships of unshared species
(PCDp). For each site and year, we calculated mean pairwise PCDp of all
unique combinations of quadrats. At the regional level, we calculated the
mean pairwise PCDp of all unique combinations of sites.

To compare trends in phylogenetic diversity with those in species-level
diversity, we also calculated species (taxonomic) diversity at the same
scales (i.e., species richness at the site and regional scales, and species-based
dissimilarity [beta diversity] at the within-site [among-quadrat] and among-
site [within-region] scales). For dissimilarities, we used pairwise values of the
Sorensen index, and further partitioned it into its turnover and nestedness
components (40).

Statistical Analysis. To test for time trends of within-site dissimilarity and site-
level MPD, we used linear mixed models (LMMs). We regressed average
pairwise PCDp between quadrats within each site and MPD of each site
against year, with site as a random term for the intercept, and accounted for
potential temporal autocorrelations with first-order autoregressive residual
structure. For within-region dissimilarity and region-level MPD, we used
ordinary least squares linear models. For each year, we calculated average
pairwise PCDp between sites and regional MPD based on species from all sites.
We then regressed among-site PCDp (1 value per year) and region-level MPD
against year.

To test potential drivers of declining site-level MPD, we looked at the
following variables based on previous studies (23) in the same community:
winter precipitation, grazing history (grazed or not), and soil types (ser-
pentine or nonserpentine). We also examined 3 common exotic grasses
(Avena fatua, Taeniatherum caput-medusae, and Bromus hordeaceus)
that were recently found to have shifted in abundance over the study
period. We used the first principal component of the occurrence values of
these 3 species, which explained 71% of total variation. We used LMMs to
study the effects of these variables on site-level MPD. We first fitted a full
model with log-transformed winter precipitation, grazing history, soil
type, first axis of the 3 exotic species, and all 2-way interactions between
continuous variables and categorical variables as fixed terms; site was
included as random terms for intercept and slopes of continuous variables.
We then conducted model selections to derive the final model, which
included log-transformed winter precipitation, grazing history, and their
interactions as fixed terms, and site as a random term for intercept. To test
whether declining winter precipitation drove changes in site-scale MPD across
all sites (grazed and ungrazed), we regressed MPD against log-transformed
winter precipitation in LMMs with site as random terms for the intercept and
the slope.

To examine which groups of species were responsible for the changes in
site-scale MPD, we repeated the site-scale model using (1) native forbs only,
(2) native forbs above the median SLA for each site, (3) native forbs below
the median SLA for each site [with both (2) and (3) paralleling the analysis of
SLA and species loss in a study by Harrison et al. (23)], and (4) all other
species. We also divided native forbs into above and below the median
value of the other traits (height, seed mass, and leaf dry matter content,
but not foliar C/N ratio given its relatively weak phylogenetic signal; S/
Appendix, Table S4) and tested which groups’ site-scale MPDs have de-
clined. A small fraction of species did not have SLA and seed mass mea-
surements. Removing these species did not qualitatively change our results
of the above analyses. We thus presented phylogenetic diversity results
based on all species in the main text. To test whether any plant families
were particularly influential, we repeated the model of site-scale MPD after
sequentially removing each family with >5 species.

Data and Materials Availability. All data used in this study have been de-
posited on figshare (DOI: 10.6084/m9.figshare.9747455).
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