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SUMMARY

The modern biodiversity crisis reflects global extinc-
tions and local introductions. Human activities have
dramatically altered rates and scales of processes
that regulate biodiversity at local scales [1–7].
Reconciling the threat of global biodiversity loss
[2, 4, 6–9] with recent evidence of stability at fine
spatial scales [10,11] is a major challenge and re-
quires a nuanced approach to biodiversity change
that integrates ecological understanding. With a
new dataset of 471 diversity time series spanning
from 1962 to 2015 from marine coastal ecosystems,
we tested (1) whether biodiversity changed at local
scales in recent decades, and (2) whether we can
ignore ecological context (e.g., proximate human
impacts, trophic level, spatial scale) and still make
informative inferences regarding local change.
We detected a predominant signal of increasing
species richness in coastal systems since 1962 in
our dataset, though net species loss was associated
with localized effects of anthropogenic impacts. Our
geographically extensive dataset is unlikely to be a
random sample of marine coastal habitats;
impacted sites (3% of our time series) were under-
represented relative to their global presence. These
local-scale patterns do not contradict the prospect
of accelerating global extinctions [2,4,6–9] but are
consistent with local species loss in areas with
direct human impacts and increases in diversity
due to invasions and range expansions in lower
impact areas. Attempts to detect and understand
local biodiversity trends are incomplete without in-
formation on local human activities and ecological
context.

RESULTS AND DISCUSSION

Near-shore marine environments harbor a wealth of biodiversity

[12] and provide valuable ecosystem services to humans [13].

They also have served as a testing ground for theory on the regu-

lation and maintenance of species diversity [14–18]. Yet, little of

the recent analysis of local biodiversity trends has included

coastal communities or the processes known to influence diver-

sity and temporal stability [10,11,19,20]. In coastal marine eco-

systems around the globe, we detected increases in the number

of species (species richness) and diversity (Shannon index, H0), a
metric that considers species’ relative abundances (Figures 1

and S1). This general increase in local-scale biodiversity con-

trasts with recent findings in terrestrial systems and other global

syntheses [10,11], as well as the prevailing trend of species loss

at the global scale [2,4,6–9].

The overall positive trend in the richness dataset was reflected

most strongly in 16% of richness time series, which displayed

significantly positive trends (see Supplemental Experimental

Procedures). In contrast, only 3% of time series displayed signif-

icant declines in richness. Net species gains were likely to be

strongly mediated by indirect effects of increased abundance

[21] because total abundance of individuals was a very important

predictor of species richness (Table S1). Another mechanism

consistent with gains in richness is an increase in the abundance

of historically present but rare species relative to common

species. Indeed, increased relative abundances of previously

uncommon species was reported in one of the most temporally

intensive and spatially thorough monitoring programs included

in our synthesis [22].

Despite the overall trend of local species gain, we observed

large variation in the strength and even the direction of the trend

among time series (Figures 1 andS1). Notably, the observed vari-

ation was consistent with predictions derived from ecological

theory for how local diversity might be expected to change

through time (Table 1). Temporal change in species richness

depended on ecological context: removing all five hypothesized

ecological predictors (spatial scale, anthropogenic drivers, tro-

phic level, initial richness, and length of time series)

on temporal variation in richness resulted in very poor models

(Table S1). Predictable variation among time series demon-

strates that information on local events and conditions is required

to understand the direction (sign) and magnitude of local biodi-

versity change in recent decades.

Proximate human activities partially explained the direction

and magnitude of species diversity change. In our dataset, net

species loss was evident in the few (n = 9) time series associated
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with local anthropogenic stressors predicted a priori to have

negative consequences for biodiversity (Figures 1C and 2C),

such as pollution and sedimentation. In contrast, sites that were

associated with local anthropogenic drivers predicted to

increase biodiversity (e.g., artificial reef restoration, cessation of

pollution) predominantly experienced net species gains. Surpris-

ingly, sites that were not identified a priori as experiencing an un-

ambiguous positive or negative anthropogenic driver displayed,

on average, net species gains over time. However, these gains

were smaller in magnitude in comparison to sites where human

influences were predicted to exert positive influences on biodi-

versity. Although there is no evidence of publication bias in our

dataset overall (Figure S2), we cannot rule out the possibility

that studies demonstrating richness declines associated with

explicit anthropogenic drivers may have been more likely to be

published. More work on human impacts is sorely needed, but

our analysis is proof of concept that their consideration is essen-

tial to understanding global trends in local biodiversity change.

A

B C

Figure 1. Global Distribution of the Sites

in the Present Synthesis and Temporal

Change in Species Richness in the Context

of Hypothesized Ecological Predictors

(A) Distribution of the 189 study sites in our syn-

thesis. Time-series data were compiled from 57

unique studies, represented by different colors.

Dots are semitransparent, such that darker colors

indicate overlap of multiple sites.

(B) Each line represents the ordinary least-squares

slope for a single time series. Solid lines designate

time series (n = 220) with abundance data, and

dashed lines designate time series (n = 82) without

abundance data. The black line represents the

predicted mean intercept and slope of the rela-

tionship between species richness and time based

on a hierarchical, linear mixed model testing the

effect of year on richness, with random intercepts

and slopes for each time series (see Supplemental

Experimental Procedures). In this study, we were

interested primarily in whether the slope term was

necessary for model fit (i.e., has richness changed

over time?). Colors represent the unique studies

and match the colors in panel (A).

(C) The standardized coefficients of ecological

predictors and their 95% confidence intervals for

the full dataset (large black points) and the

reduced dataset (small black and small gray

points, respectively). The reduced dataset con-

tained only time series with both richness and

abundance (see Experimental Procedures). We

include standardized coefficients for two sets of

models for the reduced dataset: one with the

same set of candidate models as the full dataset (small black points) and the second with a set of candidate models that also included abundance as a predictor

(see Table S1). The sizes of points representing full and reduced datasets are scaled relative to their number of observations.

See also Figures S1 and S2 and Table S1.

Table 1. Hypotheses and Associated Predictions Related to Temporal Change in Biodiversity that Were Tested Explicitly in Our Study

Hypotheses Predictions

Local anthropogenic drivers influence the

trajectory of change in richness

beneficial drivers (e.g., artificial reef restoration, fishing closures) will be associated with

positive temporal change in richness, whereas detrimental drivers (e.g., pollution,

anthropogenic structures) will be associated with negative temporal change in richness [20]

Species range expansions and introductions

increase richness over time

temporal change in richness will be greater at the gamma (e.g., site) scale than the alpha

(e.g., plot) scale [1,23]

temporal change in richness will be positive for lower trophic levels and negative for higher

trophic levels (trophic skew hypothesis) [24,25]

temporal change in richness will be larger for time series that have a low initial richness

(diversity-invasion resistance hypothesis) [26,27]

temporal change in richness will be larger for time series that have a high initial richness

(rich get richer hypothesis) [28,29]

Turnover occurs but no net change in richness in the absence of changes to productivity and the regional species pool, environmental

changes affect composition, but not richness [30]
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The patterns associated with negative human impacts differed

for species richness and Shannon diversity. This reinforces the

notion that different biodiversity metrics may not exhibit parallel

responses to environmental change due to the inherent

complexity of compositional shifts in species [19,31]. Our anal-

ysis indicated that communities exhibited decreases in richness

but stable, or increasing, Shannon diversity in the context of

negative drivers, perhaps through the loss of rare species. How-

ever, communities associated with positive drivers exhibited

larger gains in Shannon diversity than richness, suggesting that

the recovery of species already in the community increased

evenness. These conclusions remained unchanged when

considering only time series for which both richness and Shan-

non diversity data were available. Given the small number of

studies exhibiting negative drivers, we tested whether our con-

clusions were highly sensitive to errors in the classification of

drivers (Table S2) using a randomization procedure (Supple-

mental Experimental Procedures). We found that our conclu-

sions regarding human impacts were robust to classification

errors of 32% and 54% for richness and diversity, respectively

(Figure S2).

Attributes of the species assemblage also explained varia-

tion in how biodiversity changed through time. Species-poor

sites and assemblages comprised mainly of species lower in

the food web (e.g., suspension feeders; Table S3) gained a

disproportionate number of species. These observations

are consistent with a signal of species invasions in coastal

ecosystems [24,32]. Local communities with many species

are thought to better resist invasion by novel species through

the preemption of resources [26,27]. In accordance with

A

B

C

D

E

F

Figure 2. Temporal Change in Biodiversity Was Modified by Anthropogenic Impacts and the Initial Biodiversity of the Community

(A and B) Frequency distribution of temporal change in species richness (A) and Shannon diversity (B).

(C–F) Temporal change in biodiversity depended on localized anthropogenic drivers (C and D) and the initial biodiversity (E and F) of the community. Time series

associated with detrimental drivers (e.g., pollution) were predicted to exhibit negative trajectories, while time series associated with beneficial drivers (e.g., reef

restoration) were predicted to exhibit positive trajectories. The classification of some drivers (e.g., warming) as negative or positive was equivocal and thus

classified as neutral. Most time series were not explicitly associated with a driver (‘‘none’’). For Shannon diversity (D), only one time series was classified as

‘‘neutral’’ but for analysis was treated as ‘‘none.’’ Temporal change was estimated for each time series as the fitted slope from hierarchical mixed models, taking

into account all of the predictors of interest (i.e., the full model; see Experimental Procedures). Boxplots display the median and interquartile range (IQR) of data,

with outliers plotted as circles beyond whiskers when the values are 1.53 IQR from the first or third quartile.

See also Tables S1 and S2.
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this ‘‘diversity-invasion resistance’’ hypothesis, species-poor

communities exhibited the greatest temporal increases in

richness, while sites with high initial richness exhibited little

net change and some species losses over time (Figure 2E).

A similar but weaker pattern was observed for Shannon diver-

sity (Figure 2F). There are at least two plausible alternatives to

the diversity-invasion resistance hypothesis. First, increases

in richness in species-poor systems are also consistent with

recovery from historical disturbance that could have reduced

diversity prior to initiation of the time series and suggests

that identifying the proper ‘‘baseline’’ for assessing net change

in biodiversity is difficult [33]. Second, the signal of species

gains in depauperate communities may reflect the stochastic

nature of dispersal limitation. In the context of reduced

dispersal limitation for some cosmopolitan species (e.g.,

through ballast water transport) [32], colonizers are more likely

to represent novel species in depauperate communities (by

chance alone) and thus contribute to the inverse relationship

between biodiversity change and initial biodiversity. Disentan-

gling the relative importance of these mechanisms will neces-

sarily be a local endeavor.

We detected stronger increases in species richness at the site

(i.e., gamma) scale compared to the sample scale (Figure 1C,

Table S1). These observations are consistent with a niche-based

framework for biological invasions [23], where species interac-

tions limit colonizers at the sample scale but habitat heterogene-

ity promotes colonizers at larger scales. However, variation in

detection of changes in biodiversity with scale could also reflect

scale-dependent sampling biases [34]. For example, the effect of

scale in our analysis may also be related to the detectability of

new, uncommon species in sampling units versus sites. That

is, a colonizing species need only be present in one plot to affect

site-scale richness estimates without necessarily increasing

average sample-scale richness.

Our findings beg explanation of how these patterns can be

reconciled with the vast evidence for a modern crisis of global

biodiversity loss. One explanation for the observed positive biodi-

versity trends is that our dataset and the thousands of

observations comprising two other recent data syntheses [10,

11] are not random samples of the planet. Thus, it is unlikely

that they are completely representative of patterns of local

biodiversity change worldwide. Many of the datasets in our study

represent long-term observations initiated decades ago to study

the natural history of ecological communities. To study natural

processes, scientists often choose sites where human activities

are perceived to be minimal to avoid confounding natural and

anthropogenic signals. These sites would be predicted to be the

least likely to experience diversity loss from human activities but

stillmaybesubject to increasesdue to regional species invasions.

Most time series in our dataset (76% for richness) fell into the

category of no explicitly observed human impact (‘‘none’’; Fig-

ure 2) and could not be associated a priori with a clear local driver

of net species loss or gain. Therefore, our dataset could overre-

present relatively well-preserved sites but underrepresent

heavily polluted or modified sites. We suggest that this bias in

the available coastal marine time series data is likely true of other

recent syntheses of biodiversity change and warrants further

exploration before accurate global trends in local-scale biodiver-

sity change become clear.

We compared the bias in our dataset against quantified cumu-

lative human impacts in the ocean. The percentage of the global

ocean experiencing at least ‘‘medium-high’’ human impacts

(>50% degraded, sensu [35]) is over 40%, and the percentage

for coastal systems is likely to be even higher. Estuaries and

urbanized areas are typically considered to be heavily impacted

habitats, and 13% of the richness time series in our dataset were

conducted in these habitats. Even more striking, only 3% of

richness time series came from areas associated with decidedly

negative drivers. In contrast, 18% of studies were conducted in

protected areas or parks (relative to an estimated 3% of pro-

tected global ocean [36]). Admittedly simple, these comparisons

suggest that the availability of studies for our synthesis was likely

biased toward less-impacted sites. It is very possible that spe-

cies losses at local scales have occurred over much longer

periods and are more prevalent than could be detected by our

dataset, warranting caution when considering the body of

evidence on local biodiversity change to which our study is but

one contribution.

Still, we observed a prevailing positive signal of biodiversity

change, rather than one of stability, in the absence of clear local

drivers. It is plausible that global loss of species is comple-

mented at the finest scales (<1 to hundreds ofmeters) by species

gains through a variety of mechanisms. The signal of species

introductions is likely to be strong in our dataset because coastal

communities are prone to the pervasive effects of human-assis-

ted transport of marine life [24,32]. Species gains were weak for

consumers and predators (Figure 1C), who tend to be large and

are often the direct or indirect targets of harvesting [9]. In

contrast, species gains were strongest for benthic invertebrates,

consistent with the observation that most non-native species in

coastal marine systems are suspension-feeding invertebrates

[24,25]. Further, nearly all coastal areas have warmed since

1960 [37]. The influx of thermal niches from adjacent regions

has likely facilitated species range expansions [38–40] and the

addition of novel species to local communities, as well as in-

creases in the abundance of historically present but uncommon

species [22, 41].

Inferences about biodiversity trends depend critically on

the duration and timing of sampling [42], raising the possibility

that the initial richness of communities sampled recently has

already been modified by past extinctions and immigrations

(i.e., sliding baselines; [33]). In contrast, the contemporary bal-

ance of biodiversity may not yet reflect time lags in the eventual

extinction of species due to habitat destruction and/or overex-

ploitation (i.e., extinction debt; [2]), or on delays in the arrival of

new species (i.e., immigration credit; [42]). Although our analysis

indicated that study duration was not statistically relevant,

approximately two-thirds of the richness data were compiled

from time series shorter than 15 years. To address concern

that the overall positive trend in richness over time was driven

by these short studies, many of which began after 2000 (Figure

1B), we reanalyzed our data excluding studies shorter than 15

years. The overall trend of species gain remained but was

weaker (see Supplemental Experimental Procedures). This

observation warrants caution when interpreting biodiversity

change from short time series.

The spatial, temporal, and human impact biases in this biodi-

versity time series synthesis reflect the availability of data that
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were collected in the past and are likely common to other time

series syntheses. These biases—when considered carefully—

do not diminish the strength of our conclusions. Despite an

overall positive increase in local marine species richness over

the last five decades, we found strong evidence for context

dependence related to anthropogenic stressors, local biodiver-

sity, spatial scale, and trophic level. Though this pattern differs

from recent findings of no net change in local species richness

[10,11], it is consistent with a general understanding of how eco-

systems respond to intense perturbations [1–3]. Further, when

human-mediated disturbances are considered explicitly, de-

clines in species richness are common in terrestrial ecosystems

[20]. Our results suggest that local-scale biodiversity change

might be predictable, and therefore manageable, given knowl-

edge of relevant drivers and the ecological processes that relate

local species diversity to regional and global change.

It is clear that the wholesale conversion of natural ecosystems

for the purposes of agriculture, aquaculture, and urban develop-

ment directly and indirectly threatens biodiversity. However, in

ecosystems that have not been transformed, and at very fine

(local) scales at which ecologists often work, our results indicate

that local changes in species diversity through species additions

as well as losses are a reality, presenting challenges for biodiver-

sity-oriented management. Conclusions about future biodiver-

sity trajectories at local scales should explicitly quantify the

prevalence and history of human impacts that may increase

versus decrease biodiversity alongside considerations of the

community itself: the number of species, trophic level, and spatial

scale. This is a tall order, but our results suggest that oncewe un-

derstand these relevant factors, there is some hope for making

predictions for the future of biodiversity at local scales.

EXPERIMENTAL PROCEDURES

To estimate recent trends in coastal marine biodiversity, we synthesized

471 time series datasets from 189 sites across the globe (Figure 1A) into a

single, new database (Table S4). We focused on coastal biodiversity at the

scale of species interactions (local scale; defined here as <1 to hundreds of

meters), quantified as richness (S) and Shannon diversity (H0). These metrics

differ in the information they convey about rare and common species. Changes

in species richness reflect gains and losses in rare and common species

equally. Shannon diversity further conveys information on the relative

abundance of species such that an increase in diversity reflects both species

number and the evenness of species’ relative abundances. We included

these twometrics because theyweremost frequently reported in the literature.

In total, diversity metrics were obtained from 41 peer-reviewed publications

and 9 unpublished reports, and they were calculated from 7 presence-

absence or abundance matrices. Despite its frequent use by ecologists, we

acknowledge that the Shannon index is sensitive to sampling effort and can

be difficult to interpret because changes in H0 can arise from changes in

richness, evenness, or both [43].

We used hierarchical mixed-effects models (see Supplemental Experi-

mental Procedures), model selection, and model averaging to answer three

primary questions with our dataset: (1) Has marine biodiversity changed at

local scales in recent decades? (2) Can we ignore the ecological context of

biodiversity change? (3) Does the rate of biodiversity change depend on

specific predictors in accordance with our a priori hypotheses (Table 1)? Our

goal was not to find the ‘‘true’’ model but rather the best subset of a small

set of candidate models testing explicit predictions, following the philosophy

of Burnham and Anderson [44]. To address questions (1) and (2), we used a

set of three nestedmodels to tease apart the importance of year from the inter-

action between year and a set of five fixed predictors on richness. Next, to

address question (3), our set of candidate models included the saturated

model and nested models without interactions between year 3 predictors

for the full and reduced datasets (see Supplemental Experimental Proce-

dures). With this approach, predictors were deemed ecologically relevant if

their removal (e.g., the term year 3 scale) resulted in a poorer model based

on information criteria (see below). Because species richness can vary as a

consequence of variation in the total abundance of individuals sampled, we

included abundance for a subset of the time series (‘‘reduced dataset’’)

when such data were available, in a separate set of candidate models. Finally,

we testedwhether there was an overall effect of time on richness by including a

model with the effect of year only (and random effects) and a null model

(random effects only).

Candidate models were compared using the Akaike information criteria

(AIC), a metric that considers both maximum likelihood scores and complexity

(i.e., number of parameters, K). The difference in AIC (Di) between each model

and the best model (i.e., lowest AIC) was calculated to emphasize the most

plausible models given the data. Akaike weight (wi), or the relative likelihood

of each model, was obtained by normalizing the likelihood across the entire

set of candidate models. We ranked models based on wi and selected the

set of models such that the cumulative sum was R0.9, representing our

90% confidence set [44]. We then used model averaging to get the best esti-

mates of parameters for the confidence set of models. Maximum likelihood

was used for model selection, and restricted maximum likelihood was used

for model averaging.Model fit was assessed using plots of standardized resid-

uals against fitted values.
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