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Temporal rarity is a better predictor of local extinction risk than
spatial rarity
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Abstract. Spatial rarity is often used to predict extinction risk, but rarity can also occur
temporally. Perhaps more relevant in the context of global change is whether a species is core
to a community (persistent) or transient (intermittently present), with transient species often
susceptible to human activities that reduce niche space. Using 5–12 yr of data on 1,447 plant
species from 49 grasslands on five continents, we show that local abundance and species persistence under ambient conditions are both effective predictors of local extinction risk following
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experimental exclusion of grazers or addition of nutrients; persistence was a more powerful
predictor than local abundance. While perturbations increased the risk of exclusion for low
persistence and abundance species, transient but abundant species were also highly likely to be
excluded from a perturbed plot relative to ambient conditions. Moreover, low persistence and
low abundance species that were not excluded from perturbed plots tended to have a modest
increase in abundance following perturbance. Last, even core species with high abundances
had large decreases in persistence and increased losses in perturbed plots, threatening the longterm stability of these grasslands. Our results demonstrate that expanding the concept of rarity
to include temporal dynamics, in addition to local abundance, more effectively predicts extinction risk in response to environmental change than either rarity axis predicts alone.
Key words: core-transient; extinction risk; grasslands; herbivores; NutNet; nutrients; rarity.

INTRODUCTION
Humans are changing many environmental conditions
concurrently including climate, nutrient supply rates,
and disturbance regimes (Steffen et al. 2015), and plant
communities respond to these changes with shifts in
diversity, distribution, and composition (Franklin et al.
2016). However, determining which species will be
adversely affected by global change is challenging
because shifts in abundance and extinctions arise not
only from altered environmental conditions, but also
from stochastic events (Shoemaker et al. 2020). Rare
species are generally assumed to be more sensitive to
human perturbations than abundant, common, or
broadly distributed species (Gaston 1994, Manne and
Pimm 2001, Dawson et al. 2012, Duwyn and MacDougall 2015). The sensitivity of rare species is often attributed to having a narrower niche, more conservative
resource acquisition, or a slower growth rate relative to
their neighbors (Grime 1977, Rabinowitz 1981, Rabinowitz et al. 1984, Reich et al. 1999). Rare species also
may be more likely to become extinct because a
restricted geographic range or small population size can
intensify the effects of demographic stochasticity on
fluctuations in population sizes (Lande 1993). While rare
species have long been defined as those having low relative abundance within communities, infrequent occurrence among communities, or a restricted geographic
range (Rabinowitz 1981, Hanski 1982), these spatially
explicit definitions of rarity neglect a potentially important temporal component of rarity.
Monitoring species occupancy in a patch through time
allows a temporal axis of rarity to emerge, complementary to spatial metrics of rarity. By explicitly characterizing the temporal axis, communities can be separated
into persistent “core” species that are present most of
the time, and “transient” species that are intermittently
present (Magurran and Henderson 2003, Ulrich and
Ollik 2004, Shade and Gilbert 2015). The core-transient
framework provides a temporal analog to the coresatellite hypothesis (Hanski 1982), which arrayed species
on a rarity axis (i.e., core to satellite) in terms of abundance and patch occupancy. While an implicit temporal
component of the core-satellite framework is possible,
where species may switch core-satellite designations
through time (Collins and Glenn 1991), recent studies

demonstrate that transient, temporally rare species are
ecologically distinct from satellite, spatially rare species
(Supp et al. 2015). For instance, a satellite species in a
region could be both persistent and abundant (e.g., temporally core) at a single site and a regionally core species
could be locally transient at the margins of its range.
Core and transient species have different life histories,
where transient species tend to be smaller (Dolan et al.
2009), have shorter generation times, persist by seedbanking or dispersal (Supp et al. 2015), and may lack
strong trait–environmental linkages (Umaña et al.
2017). In contrast, core species tend to be more strongly
tied to their local environment (Umaña et al. 2017) and
governed by species interactions (Magurran and Henderson 2003, Coyle et al. 2013). Based on this generality,
core and transient species should also respond differently to environmental perturbation (Coyle et al. 2013,
Supp et al. 2015) as perturbations can reduce environmental suitability for core species while creating colonization opportunities for transients, as novel conditions
may arise from the perturbation that can be exploited
(Roxburgh et al. 2004).
The core-transient framework generally proceeds from
the assumption that persistence and abundance are positively correlated (Magurran and Henderson 2003), but
there are many exceptions to this rule that depend on the
underlying dynamics of perturbation. For example, some
transient species track resources through time and space
(Levin et al. 1984, Supp et al. 2015), emerging from the
seedbank and becoming dominant in the community for
a short time after a disturbance or resource pulse (Shade
et al. 2014). At the opposite end of the rarity spectrum
are resource specialists that persist at low abundance,
either because they are limited by their competitive ability
relative to other members of their community, or because
they thrive in a narrow, stable niche (Grime 1977, Rabinowitz 1981). While transient species may rapidly exploit
new environmental conditions, such species should experience the most detrimental effects of homogenizing perturbations that reduce niche dimensionality and, in turn,
lead to stronger resource competition (Mouillot et al.
2013, Harpole et al. 2016). In sum, the competitive strategies of species can differ according to whether a species
persists or briefly occurs at low or high relative abundances in a community. Thus, recasting species rarity into
temporal (core to transient continuum) and spatial
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(locally abundant to locally scarce continuum) axes of
rarity capture important life-history differences that may
influence a species’ response to environmental perturbations, including the likelihood of local extinction.
Here, we build from the core-transient framework by
explicitly treating abundance and persistence as complementary predictors of species’ responses to environmental perturbations (Fig. 1). We explore how grassland
species with different temporal and spatial rarity attributes respond to two widespread environmental perturbations, nutrient addition and vertebrate herbivore
exclusion. Previous studies have found that both spatial
and temporal turnover in species composition in unfertilized plots are at least as important as the effects of
nutrient addition in driving community responses (e.g.,
biomass production; Hillebrand et al. 2017, Hodapp et
al. 2018, Langley et al. 2018), demonstrating the importance of quantifying both species’ abundance and persistence under ambient conditions. Nutrient addition and
herbivore exclusion tend to reduce grassland plant species diversity (Borer et al. 2014b, Harpole et al. 2016),
with species responding in a non-random fashion. Species with traits such as rapid growth increase in abundance more rapidly than slow-growing species when
herbivores are removed and nutrients are added (Lind et
al. 2013), and exotic species increase in abundance more
rapidly than natives (Seabloom et al. 2015), again suggesting the likelihood of unique spatial and temporal
responses to environmental change.
We used plant community data from 49 grasslands on
five continents, with each site participating in a longterm (5–12 yr at the time of this study), globally
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distributed nutrient addition and herbivore exclusion
experiment (Borer et al. 2014a). This allowed us to calculate the average abundance and persistence of each
species, and to examine how these temporal and spatial
attributes predicted responses to environmental perturbation. First, we examined the degree to which abundance and persistence were correlated in control plots
and the association of abundance and persistence with
species functional types (i.e., life span and lifeform). Second, we examined how nutrient addition and herbivore
exclusion altered species’ abundance and persistence
dynamics. Third, we examined how a species’ abundance
and persistence in control plots predicted species’ exclusion from a plot due to nutrient addition and herbivore
exclusion. Fourth, we determined the extent to which
species’ abundance and persistence jointly predicted
changes in spatial and temporal rarity dynamics and
species loss by assigning them to discrete abundance and
persistence categories (Fig. 1) and examining the likelihood of categorical switches or exclusion following perturbation. Our work demonstrates that distinguishing
spatial and temporal rarity comprises a general framework for predicting species responses to environmental
change that relies on basic abundance data and is applicable across ecosystems.
METHODS
Nutrient Network experiment
We used plant species’ relative abundance data from
The Nutrient Network (NutNet) experiment (Borer

FIG. 1. Two views of persistence and abundance employed in this study. In (A), a continuous-axis approach for evaluating species’ abundance (rank percentile abundance, i.e., the relative abundance of species in a plot); and persistence (the proportion of
years a species is present in a plot). Data shown are all species observations from control plots at all 50 sites included in the study;
observations are binned to the nearest 5% for clarity, with the size of each dot indicating the number (N) of observations in each
bin. In (B), species are placed into categories that correspond to these demographic qualities, building upon the core-transient
framework (Magurran and Henderson 2003). Some examples of each category are provided.
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et al. 2014a, 2017). Data were retrieved from the NutNet
database on 2 August 2019. We selected data from sites
that had 5–12 yr of data, in total, 49 sites (Appendix S1:
Fig. S1, Table S1). Standardized treatments were
applied in 5 × 5 m plots at every site: nutrient addition (nitrogen, phosphorus, potassium each added at
10 gm−2yr−1, and 100 g/m2 of a standardized micronutrient mixture added in the first year), herbivore exclusion (fences installed to exclude vertebrate herbivores
>50 g), nutrient addition combined with herbivore
exclusion, and controls. At each site, treatment plots
were nested within blocks in a fully randomized design,
with each site replicating the experiment in at least three,
and up to six, plots. Of the 49 sites included in the analysis, all implemented controls and the nutrient addition
treatment, and 43 sites implemented the herbivore exclusion and combined herbivore exclusion and nutrient
addition treatments. In each year, including the pretreatment year, percent cover of each species was visually
estimated to the nearest percent in a permanent 1 × 1 m
quadrat within each 5 × 5 m plot. In total, our data set
contained 55,226 species-cover observations of 1,592
unique taxa, all of which were identified to genus, and
1,447 of which were identified to species. Perennial graminoids accounted for 49.5% of relative cover across all
sites and all years, though 14 of the 49 sites were more
herb dominated than graminoid dominated.
Statistical analysis
Deriving measures of persistence and abundance.—To
standardize across sites that differed in the length of
time they had been monitored, we used the proportion
of years a species was observed in a plot as our measure
of persistence (Appendix S1: Fig. S2). Following similar
studies of plant extinction risk that rely on percent cover
data (e.g., Suding et al. 2005, Collins et al. 2008), we
used rank percentiles as our measure of species’ abundance, averaged across all years where a species was present in a plot. Using rank percentiles standardized
percent cover data across sites and years that differed in
species richness and provided a direct measure of a species’ relative abundance in a community. For example, a
rank percentile of 0.75 corresponds to a species being
more abundant than three quarters of its neighbors.
Assigning species to persistence-abundance categories.—
Although our analyses primarily treated persistence and
abundance as continuous measures, we also assigned each
species in each plot to one of four categories: core-scarce,
core-abundant, transient-scarce, and transient-abundant
(Fig. 1). “Core” species were present at least 50% of the
time, while “transient” species were present less than half
of the time; “abundant” species had a mean rank percentile greater than or equal to 0.5 (on average, more
abundant than half of the species in the plot when the species was present, zeroes excluded), while “scarce” species’
rank percentile was less than 0.5. Such cutoff values are
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necessarily arbitrary as there is no standard way to separate core and transient species (Coyle et al. 2013), but we
conducted additional analyses by assessing thresholds of
0.33 and 0.66 to understand how this choice affected our
results. Analyses that evaluated species’ exclusion rates in
response to experimental treatments included one additional category, “absent”: these were species that were not
observed in a particular plot but were found in one or
more other plots at a site. We use the term exclusion to
indicate either failure to persist or failure to establish but
cannot distinguish between these two mechanisms. In this
study, we use these categorical analyses to understand
how species’ abundance and persistence interact to affect
species and rely on our continuous abundance and persistence axes to more accurately understand abundance and
persistence as independent drivers.
Relationships between species’ persistence, average abundance and traits under ambient conditions.—To establish
a baseline for our experimental treatment effects, we used
data from control plots to conduct an exploratory analysis
of the relationships between persistence, abundance, and
species’ traits, under ambient conditions. First, we quantified the degree to which a species’ abundance predicted its
persistence. This analysis relied on a simple linear mixedeffects model where persistence (proportion of years present) was the response variable, average abundance for the
years where the species was present was the predictor variable, and site was included as both a random slope and
intercept. To quantify the strength of the relationship
between persistence and abundance, we calculated the
marginal R2GLMM , the amount of variance explained by
the fixed effects (i.e., abundance) in the mixed-effects
model (Nakagawa et al. 2017). While our persistence and
abundance indices are insensitive to species richness, sites
that have more species per plot will nonetheless be more
heavily weighted in analyses by providing more data
points. We tested for any possible effect of site richness in
this baseline analysis in two ways. First, we examined
whether the observed relationship between persistence and
abundance was influenced by more species rich sites by
using linear models to test whether site richness predicted
either the random site intercept or the random site slope
estimates extracted from the linear mixed-effect model.
Second, we tested if including site richness as a fixed effect
had a significant effect or improved model AIC. We used
this latter approach to test for site richness effects in all
models described from here on.
Next, we evaluated whether persistence or abundance
differed according to two sets of trait-based categorical
schema commonly used in grassland studies: morphological grouping (graminoids, legumes, forbs, and woody
taxa) and life span (annual and biennial vs. perennial
and indeterminate life spans). We created two separate
generalized linear mixed-effects models wherein morphological grouping, life span and their interaction were
predictors of either persistence or average abundance,
and site was a random intercept. We used a binomial

November 2021

TEMPORAL RARITY AND SPECIES RISK

Article e03504; page 5

link function for these models as response variables were
non-normally distributed but bounded between 0 and 1.
Finally, we explored the correspondence between the
two trait-based schema and our persistence–abundance
classifications using a multinomial logistic model, a type
of logistic regression that allows more than two outcomes
(Ripley and Venables 2016). Using a categorical approach
allowed us to explore the way species’ characteristics
mapped to persistence and abundance simultaneously,
rather than separately. In this model, morphological
group, life span and their interaction were included as predictors of species’ persistence-abundance category; site
was included as an additional main effect as random
effects were not supported in this type of model.

abundance and persistence following environmental perturbations and (2) to quantify the ways in which treatments acted on species differently depending on their
abundance and persistence. We additionally examined a
full model that added species’ life span and lifeform
along with abundance and persistence axes, all interacting with nutrient addition and herbivore exclusion as
predictors, and a model with only life span and lifeform
interacting with nutrient addition and herbivore exclusion, to assess whether these categorical traits added
unique information to abundance and persistence axes.

Evaluating whether nutrient addition and herbivore exclusion affect species differently according to species’ placement along the core-transient continuum.—We next
determined if a species’ abundance and persistence
under ambient conditions (Appendix S1: Fig. S2) predicted its abundance and persistence under altered conditions. We compared the abundance and persistence of
species in control plots to the abundance and persistence
of the same species in other control plots at the same site
(to account for ambient variability in species’ demography) and in treatment plots at the same site. These comparisons restricted us to the subset of species that were
present in at least one control plot and one other plot
(70% of all species in the data set).
Using this data set of within-species, across-plot comparisons of species abundance and persistence qualities,
we specified linear mixed-effects models with species’
abundance and persistence in each control plot as predictors of the same species’ abundance and persistence in all
other control and treatment plots at the same site. Both
of these predictors also were allowed to interact with
nutrient addition and herbivore exclusion including threeway interactions (i.e., persistence × nutrients × herbivore
exclusion; abundance × nutrients × herbivore exclusion).
We created a species-plot ID term and nested it within site
as a random intercept in this model to account for the
multiple comparisons made from a single species within
each control plot. Thus, the coding in R following the
lme4 package nomenclature was as follows:

To understand how abundance and persistence predicted species loss following nutrient addition and herbivore exclusion, we evaluated whether species present at
the site scale existed within a plot anytime in the last five
years of study (Appendix S1: Fig. S3). Species that were
absent in all years were recorded as zero, representing an
absence that could be attributed to local extinction or a
failure to establish. Similar to the previous analysis, we
assigned each species in a plot a presence/absence score
(1, 0) from the final five years of study and an abundance and persistence score from control plots across all
years of data collection for each site. We conducted linear mixed-effect models predicting a species’ presence/
absence by abundance and persistence in controls, each
interacting with nutrient addition and herbivore exclusion, a binomial link function, and species-Plot-ID
nested within site as random effects (Appendix S1: Fig.
S3). The R coding following the lme4 package nomenclature was as follows:

persistencecomparison ∼ persistencecontrol  nutrients
 herbivore exclusion þ abundancecontrol
 nutrients  herbivore exclusion
þ ð1jsite=speciesIDÞ
abundancecomparison ∼ persistencecontrol  nutrients
 herbivore exclusion þ abundancecontrol
 nutrients  herbivore exclusion
þ ð1jsite=speciesIDÞ
These models allowed us to determine (1) how abundance and persistence in ambient conditions predicted

Evaluating the degree to which abundance and persistence
predict local species loss

presencecomparison ∼ persistencecontrol  nutrients
 herbivore exclusion þ abundancecontrol
 nutrients  herbivore exclusion
þ ð1jsite=taxonIDÞ
Because failure to establish is not necessarily due to
competitive exclusion or herbivory, and persistence and
absence are not independent, establishing baseline relationships in the control plots allowed us to contextualize
the effects of nutrient addition and herbivore exclusion.
Evaluating whether environmental perturbations switched
species from their baseline core-transient, abundant-scarce
categories.—Our analyses of treatment effects (until now)
treated abundance and persistence independently. In
order to understand how they jointly impacted changes,
we used our categorical assignment methodology from
above (i.e., core or transient and locally abundant or
scarce). This model specifically evaluated (1) whether
treatments created opportunities for species to switch
from one persistence-abundance category to another and
(2) if treatments altered species’ absences based on
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abundance and persistence, again measured as the probability that a species with a given category in a control plot
would be absent in a treatment plot for the final five years
of study. To do this, we first assigned species to persistence–abundance categories for the final five-year interval
at their site. We then constructed a data set of across-plot,
within-site, within-species comparisons. We omitted pretreatment years from the final five-year intervals, leaving
six sites with only four years of data for this analysis. We
applied a multinomial logistic model to this data set, evaluating the degree of correspondence between species’
persistence-abundance category assignments across control plots (to capture ambient variability in species’ categorical assignment) and between control and treatment
plots. The R coding was as follows:
categorycomparison ∼ categorycontrol  nutrients
 herbivore exclusion þ site
Because some sites had longer term data, and therefore an increased length of exposure to treatments, we
split sites into early (5–8 yr) and late (9–12 yr) to see if
effects were stronger in the later years. Additionally, we
tested the sensitivity to the 0.5 cutoff for core-transient
and abundant-scarce by shifting it to 0.33 and 0.66 and
rerunning the analysis. We ran a final analysis that omitted any species in a control plot that had a persistence or
abundance value between 0.33 and 0.66 to see whether
the more extreme species reacted differently.
We conducted all statistical analyses in R version 4.0.2
(R Core Team 2020). We used the R packages nnet for
multinomial logistic models (Ripley and Venables 2016),
lme4 for mixed-effects models (Bates et al. 2014), lmerTest for Wald tests of significance of mixed-effects model
terms (Kuznetsova et al. 2017), and emmeans to conduct
post-hoc tests and extract least-squares means estimated
treatment effects for plotting (Lenth et al. 2018).

RESULTS
Species’ persistence, abundance and life history traits
under ambient conditions
We found a positive correlation between the abundance and persistence of species (r = 0.51, marginal
R2GLMM = 0.27, Est = 0.75  0.03, P < 0.001; Fig. 1;
Appendix S1: Fig. S4). Despite this positive correlation,
there were many exceptions to the rule. Of the species
present in a plot less than 25% of years, 23% were abundant (mean rank >50%); conversely, of the species that
persisted at least 75% of years, 30% were locally scarce
(mean rank <50%). These results were not sensitive to
species richness: (1) there was no relationship between
site richness and the estimated site-level random intercepts or slopes (Appendix S1: Fig. S5) and (2) when site
richness was included as a main effect, it did not improve
model fit for any model we tested.
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The combination of plant species’ functional group
and life span was a significant predictor of persistence
(F2,3954 = 5.7, P = 0.003) and abundance (F2,3883 = 6.8,
P = 0.001, Appendix S1: Tables S2, S3). Perennial and
annual graminoids tended to persist longer and be more
abundant than annual forbs and annual legumes; perennial graminoids tended to be more persistent than all
forbs and annual legumes and tended to be more abundant than all forbs and legumes (Fig. 2A, B). Differences in abundance and persistence (considered as
continuous variables) were also apparent in the correspondence between the core-abundance categorical
scheme and plant species’ functional group assignments,
and between the categorical scheme and life span (Fig. 2
C, Appendix S1: Table S4). Core-abundant species were
most likely to be perennial graminoids and least likely to
be annual forbs (Fig. 2C, upper right), while core-scarce
species were most likely to be perennial forbs, although
few differences were significant in this designation
(Fig. 2C, upper left). Meanwhile, transient-scarce species were more likely to be annual forbs or annual
legumes and least likely to be graminoids or woody species (Fig. 2C, lower left). Transient-abundant species
were more likely to be perennial graminoids than forbs
(Fig. 2C lower-right), although differences between
plant species’ functional groups and life spans within
this category were weak overall.
Treatment effects on species persistence (continuous-axis
approach)
After establishing a baseline of species’ spatial and
temporal rarity in relation to each other and across functional groups, we tested how these rarity attributes changed in response to nutrient addition and herbivore
exclusion. In general, abundance, persistence, and their
positive correlation were preserved across control plots
(Fig. 3; Appendix S1: Tables S5, S6). Nutrient addition,
herbivore exclusion and their combination reduced species’ persistence, with nutrient addition having stronger
effects than herbivore exclusion, and the combination of
herbivore exclusion and nutrient addition having the
most detrimental effects (Fig. 3A, B, Appendix S1:
Table S5). These detrimental treatment effects on persistence acted most strongly on species with high ambient
persistence (nutrients × herbivore exclusion × ambientpersistence: P = 0.007, Appendix S1: Table S5), with
herbivore exclusion and nutrient addition estimated to
decrease persistence 4.2 times as much for species with
high persistence (i.e., near 1) vs. those with low persistence (i.e., near 0). Additionally, the detrimental effects
of nutrient addition on persistence were more pronounced in species with low ambient abundance (nutrients × ambient-abundance: P = 0.004), with nutrient
addition decreasing the persistence of low abundance
species twice as much as high abundance species; herbivore exclusion did not interact with ambient abundance
(nutrients × herbivore exclusion × ambient-abundance,
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FIG. 2. Species’ (A) persistence, (B) abundance, and (C) persistence–abundance signatures by plant functional group and life
span for all control plots in the study. “Annual” species include biennials; “perennial” species include species with indeterminate life
spans. Each observation is a species in a control plot monitored for 5–12 yr, depending on the length of study at each site. Lowercase letters denote significant differences in (A) persistence and (B) abundance, respectively, among plant functional types (leastsquares means estimates, Tukey HSD < 0.05). In (C), lower-case letters denote significant differences in the probability of category
assignment among plant functional types (multinomial model contrasts, Tukey HSD < 0.05).

P = 0.73; herbivore exclusion × ambient-abundance,
P = 0.79). Species abundance was conditionally influenced by nutrient addition based on species’ abundance
and persistence in control plots (nutrients × ambientpersistence, P < 0.001; nutrients × ambient-abundance,
P = 0.003; Fig. 3C, D, Appendix S1: Table S6). Specifically, nutrient addition tended to increase the abundance
of low persistence and low abundance species, while
decreasing the abundance of high persistence and high
abundance species. Herbivore exclusion showed a similar
qualitative pattern, but only had a marginally significant
interaction with ambient abundance (P = 0.08) and was
otherwise insignificant (nutrients × herbivore exclusion × ambient-persistence, P = 0.50; nutrients × herbivore exclusion × ambient-abundance, P = 0.39). Effect
sizes of abundance responses were much weaker than the
observed persistence responses, which are directly comparable as they are both scaled from 0 to 1. For instance,
the largest change in estimated abundance following herbivore exclusion and nutrient addition was a decrease of
0.056 for high abundance species, or 34% of the largest
estimated treatment effect on persistence. The largest
increased abundance of 0.032 following perturbations at
low baseline abundance and persistence was similarly
small, only 22% of the largest absolute effect on persistence at low persistence and abundance. Including life
span and lifeform slightly increased the predictive power
of these models, though they were significantly less

predictive on their own compared to the temporal
and spatial rarity axes as predictors (Appendix S1: Table
S7).
Abundance and persistence and treatment effects on
species loss
We tested whether abundance and persistence interacted with treatment effects to drive local species loss.
Higher persistence (P < 0.001, Fig. 4A, Appendix S1:
Table S8) and abundance in ambient plots (P < 0.001,
Fig. 4B, Appendix S1: Table S8) were associated with
decreased species loss (in both ambient and treatment
plots). The estimated increase in species loss from high
to low persistence was 3.3 times higher than that from
high to low abundance (−0.729 vs. −0.224). Species loss
increased with nutrient addition (P < 0.001) and herbivore exclusion (P < 0.001) relative to controls. Species
loss changed unevenly with herbivore exclusion and
nutrient addition along the persistence axis (nutrients × ambient-persistence, P = 0.037). No significant
interactions between treatments and abundance were
detected (Appendix S1: Table S8), suggesting treatment
effects on species loss were even along abundance and
persistence gradients. However, the estimated increase in
species loss from treatment effects was highest for low
abundance species. Specifically, following herbivore
exclusion and nutrient addition, low abundance species
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FIG. 3. Model estimates of a species’ (A, C) persistence and (B, D) abundance in control plots predicting its (A, B) persistence
and (C, D) abundance in comparison plots. Persistence values of 1 indicate a species was found in a given plot every year of survey.
Rank abundance values of 1 indicate a species was the most abundant species in a given plot. The green line shows baseline estimates of how control plots predict other control plots, while orange, red, and purple lines show treatment effects. Observations are
binned to the nearest 5% for clarity, with the size of each dot indicating the number (N) of observations in each bin.

had a 260% greater increase in loss than low persistent
species relative to their baseline values and a 160%
greater increase in losses than high abundance species
relative to their baseline values. The marginal R2 of the
full model (AIC 50,456) with both abundance and persistence as predictors was 0.274. If the persistence term
and associated interactions were dropped (AIC 51,716),
the marginal R2 dropped to 0.123, or more than a 55%
decline in explanatory power. If the abundance term
and interactions were dropped (AIC 50,511), the marginal R2 dropped to 0.271, less than a 1% decline in

explanatory power. Both AIC and the marginal R2 term
indicate abundance was redundant when persistence was
already considered, while persistence added unique
information on species loss over abundance alone.
Treatment effects on species’ exclusion rates and
categorical assignments
Species with different categorical combinations of persistence and abundance reacted differently to nutrient addition and herbivore exclusion (Appendix S1:
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significant interactions were detected. Marginal histograms
show the distribution of data within treatments (i.e., the absolute length of each bar for each color would add up to 1 in each
plot), aggregated to the nearest 0.1 persistence/abundance value
for clarity.

Table S9). Core-abundant species were the most stable
category in control plots (Fig. 5A; Appendix S1: Table
S10), retaining the same classification in the other control plots within the site 60% of the time. Species in all
other categories were most likely to switch categories or
be absent in other controls. Transient-abundant species
were the least likely to be categorized the same way in
another control plot and transient-scarce species were
most likely to be absent in another plot.
Establishing the baseline tendency for species to shift
categories allowed us to understand how nutrient addition and herbivore exclusion affected joint changes in
species’ abundance and persistence (Fig. 5B–D; Appendix S1: Table S10). In general, both treatments increased
the likelihood that a species present in an ambient plot
would be absent in a treatment plot, and this effect was
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stronger when both treatments were applied (P < 0.001,
Appendix S1: Table S9). While this was qualitatively
clear in the previous analysis, the categorical switching
analysis demonstrated several distinctions relating to
species’ joint abundance and persistence attributes.
First, core-abundant species were most likely to decrease
in stability (i.e., change categories) following perturbation, with up to 20% less core-abundant species remaining in this category in the presence of nutrient addition
and herbivore exclusion; half of this decrease was attributable to increased absences and the other half was
core-abundant species switching to the transientabundant or transient-scarce categorization. Second,
transient-abundant species were 33% more likely than
core-scarce or transient-scarce species to become
excluded in nutrient addition plots relative to other control plots. Increases in transient-abundant species’ exclusion generally came at the expense of transient-abundant
species shifting to other categories, while other categories’ increased exclusion generally came at the expense
of categorical stability (i.e., less likely to remain in the
same category).
Because the length of study differed by site, we subdivided sites into “early” (5–8 yr) and “late” (9–12) to
understand if effects differed through time. Effects in
later years were generally stronger, but qualitatively similar (Appendix S1: Table S10). Significant effects of herbivore exclusion did not appear in early sites, suggesting
species loss took longer to occur following fencing.
Given that 0.5 is an arbitrary cut-off for our categories, we tested additional thresholds for dividing species into categories (see Appendix S1: Table S11 for
details). Lowering the threshold increased baseline
absences of transient species and led to more equal
increases in perturbance-induced absences in all categories. Increasing the threshold led to lower predicted
rates of absences in all categories as all categories contained species with higher persistence and abundance
scores, while absence increases from treatments
remained high for transient species. Overall, this indicates that categorization is sensitive to the threshold we
chose, yet it remained clear that even species with higher
abundance scores were prone to exclusion following
treatments if they were also transient.
DISCUSSION
Abundance and persistence, while positively correlated, can affect species’ responses to environmental perturbations in different ways. Nutrient addition and
herbivore exclusion both reduced the persistence of species across the full gradient of species’ baseline persistence and abundance, although the strongest reduction
occurred in high persistence but low abundance species.
These experimental perturbations affected species loss
relatively evenly along persistence and abundance axes,
but examining these rarity axes in tandem (i.e., with categorical assignments) revealed distinct responses. Species
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Absent

FIG. 5. (A) Categorical analysis of the ambient variability in plant species’ persistence–abundance category assignment and
(B–D) treatment effects on plant species’ categorical assignments, estimated from a multinomial logistic model. In panel A, color
density and numbers correspond to the percentage of species with a given designation in one control plot (column) that fall into the
a given category in another control plot (row) at the same site. In panels B–D, color intensity and numbers correspond to treatment
effects (rows) on the correspondence among categories. Treatment effect sizes are expressed as percent deviation from the values in
panel A and heavy outlines indicate significant differences. Negative numbers with a red panel indicate a decreased probability of
occurrence (shading is redundant with the number) and positive numbers with a blue panel indicate an increased probability of
occurrence relative to the ambient panels A. See Appendix S1: Fig. S3 for a visual explanation of the analysis and Appendix S1:
Table S10 for complete post hoc test results for each correspondence among categories.

that were transient-scarce under ambient conditions
were most likely to be absent in another ambient community. Transient-abundant species had the largest
increase in absences in perturbed communities. However,
lowering the thresholds for categorizing species as transient or scarce shifted absence increases toward coreabundant and core-scarce species, suggesting that many
of these absences were from species with moderately low
persistence that persisted in ambient, but not perturbed,
conditions. A handful of observational studies have
described how temporally core and transient species are
ecologically distinct (Coyle et al. 2013, Umaña et al.
2017), while others have focused on how spatial rarity
can exacerbate species’ extinction risk (Manne and
Pimm 2001). By explicitly separating the spatial and
temporal responses of species, our analysis of the
NutNet experimental study provides evidence that

temporally rare species in grasslands respond differently
than locally scarce species to perturbations in both nutrient supply and herbivory.
Rather than working from the assumption that abundance and persistence are interchangeable (Magurran
and Henderson 2003), our work treats these classifications as complementary species characteristics. Consistent with studies of other communities, we found that
grasslands contain predominantly transient-scarce species, almost 50% more than the next most common category, core-abundant. Yet we also found species that were
both transient and abundant, as well as those that persist
year-after-year at low abundance, akin to those
described by Rabinowitz et al. (1984). Our framework
emphasizes the unique role that species with decoupled
abundance and persistence can play in communities
(Griggs 1940). Whereas spatially scarce and transient

November 2021

TEMPORAL RARITY AND SPECIES RISK

taxa are often excluded from community analyses
(Shade et al. 2014, Shade and Gilbert 2015), our analyses were able to account for a sizable number of such
species and suggest that they may play important roles
in community dynamics under both ambient and altered
conditions. In particular, species that have low persistence or abundance tended to be lost following perturbation, but those species that remained tended to have a
small increase in abundance (considered as a continuous
response). This suggests a suite of “evanescent” taxa
(sensu Gleason 1926), potentially at a physiological disadvantage year to year, that can take advantage of windows of optimal environmental conditions. These taxa
may serve as sentinels of longer-term biodiversity trends
in response to environmental change (Shade et al. 2014).
Meanwhile, dominant species are responsible for the
bulk of ecosystem function in any given year (Grime
1998); the high instability of transient-abundant species,
and their high rates of species loss in perturbed plots,
suggests a role for core-transient dynamics in maintaining ecosystem function.
Our exploration of species’ persistence and abundance
under ambient conditions offers generalizable insights
into the biology of temporally dynamic ecosystems, and
grassland ecosystems in particular. We found that coreabundant species were relatively stable within sites. A
species that was locally scarce in one plot, regardless of
being core or transient, was most likely to be categorized
as locally scarce in all other plots where present, while
transient-abundant species fluctuated considerably in
abundance and persistence among plots. In the current
study, these categories arise from plant demographic
characteristics and are closely related to plant species’
life span (perennial vs. annual) and plant functional type
(forb, graminoid). We observed that within a functional
group, perennials were more likely to be core, whereas
forbs were more likely to be scarce than graminoids.
Even so, we found that many species fell outside their
expected category. For example, 26% of annual forbs
and 33% of annual legumes were core under ambient
conditions. This suggests that the core and transient portions of communities comprise diverse species assemblages, and points to the possibility for niche
complementarity in both space and time. Previous studies have demonstrated that species’ functional type and
life span effectively predict species’ extinction risk (Suding et al. 2005) and richness loss due to nutrient addition
(Tilman 1993). Similarly, we found that plant functional
group and life span partially predicted treatment effects
on species’ dynamics. Our work builds from the earlier
studies by demonstrating that incorporating species’
placement along the core-transient continuum provided
even greater predictive power of species loss, a metric
that also generalizes beyond grassland systems and plant
communities.
Background levels of species exclusion increased with
species rarity, a finding we expected and is welldocumented in the literature, given that species with
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smaller populations are more sensitive to the effects of
demographic stochasticity than abundant species
(Matthies et al. 2004, Shoemaker et al. 2020). We also
had expected to find that, after accounting for background rates of species loss, rare species would be more
sensitive to treatment effects. Surprisingly, this was not
always the case. While less abundant species had greater
declines in persistence following perturbation, our
results uncovered the surprising effect that decreases in
persistence were largest for species with high persistence
in ambient conditions. Additionally, species with the
lowest persistence and abundance that were not excluded
were more likely to slightly increase in abundance following perturbation. Because lower persistence and
abundance were associated with more absences from
other plots, this points to a pathway for perturbation to
drive local extinction in core species at increased rates in
the future. This prediction is partially supported by the
result that core-abundant species were least likely to be
excluded following perturbation but were most likely to
switch categories (e.g., switch to transient or spatially
rare) compared to species in other categories following
perturbation. Moreover, transient-abundant species had
the highest increases in exclusion due to perturbation.
While this result was sensitive to the threshold for defining the categories, this effect is consistent with the idea
that perturbations reduced resource gaps on which transient species rely, as supported by our continuous metric
approach. Last, these effects generally became stronger
through time. A recent meta-analysis suggests compositional changes and diversity loss are often delayed by
more than 10 years after resource perturbations begin
(Komatsu et al. 2019, Seabloom et al. 2020). Thus, the
possibility emerges that while core-abundant species buffer extinction by being common in both space and time,
these species tend to be strongly tied to their local environment (Umaña et al. 2017), and environmental
changes that reduce the abundance or persistence of
these core species may cause an outsized impact on their
buffering effect.
Our findings on species’ exclusion rates reflect not
only extinction risk, but also the inability to colonize
plots from year to year. Our study did not distinguish
between loss of an established species vs. failure to establish within a plot, but more generally established a link
between increased temporal and spatial rarity and risk
of plot-level exclusion following experimental perturbations. These findings yield additional insight into related
studies from this experiment. Harpole et al. (2016)
found that nutrient addition reduces plant species diversity by simplifying the belowground niche, i.e., reducing
the number and changing the relative importance of
multiple limiting resources. A complementary study
demonstrated that herbivore exclusion can magnify species losses due to nutrient addition if the aboveground
plant tissue removed via herbivory decreases, intensifying competition for light (Borer et al. 2014b). Our study
suggests that species with low persistence or
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abundance comprise a large proportion of these losses
due to changes in nutrients or herbivory. Nonetheless,
core species that are more tightly coupled to their environmental niche (Umaña et al. 2017), as well as abundant species that drive ecosystem function (Grime 1998),
are also vulnerable. Earlier work demonstrated that larger species pools can buffer communities from species
losses by allowing for greater turnover (Hodapp et al.
2018). We highlight that these buffering effects may be
imperiled; even if total species number is buffered from
some loss, perturbations like elevated nutrients can lead
to greater community instability (Avolio et al. 2014,
Hautier et al. 2014, 2015). In particular, decreases in the
abundance and persistence of core-abundant species create communities that are more unpredictable, in ways
that may be decoupled from changes to species richness
(Hillebrand et al. 2017), and instability of local community diversity may destabilize larger scale diversity as
well (Hautier et al. 2020).
In sum, our large-scale, long-term experimental work
demonstrates that temporal and spatial stability are key,
and unique, components of species rarity and, by explicitly quantifying each, we enhance our ability to assess
extinction risk and community dynamics under environmental change. Although spatial rarity is more frequently assessed, our results demonstrate that temporal
rarity provides a better predictor of extinction risk than
spatial rarity. While we have focused on grasslands and
their multi-year responses to experimental manipulations, we believe that this framework is generalizable to
other systems, other types of perturbations, and over
shorter or longer time scales.
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