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Significance 

 The stability of ecosystem function  
is often regulated by biodiversity,  
yet research has focused largely  
on plants, leaving a gap in  
understanding how consumer  
diversity influences nutrient cycling  
stability. Synthesizing ~25 y of fish  
community data across 146 sites  
spanning coral reef, mangrove,  
seagrass, and kelp ecosystems,   
we found that species richness  
had strong, positive effects on the  
temporal stability of consumer-
mediated nutrient dynamics— 
measured as nitrogen supply via  
excretion—across ecosystems.  
Within ecosystems, species  
asynchrony (i.e., the degree to  
which species’ biomasses fluctuate  
independently) was the most  
important driver, showing a  
positive relationship with stability.  
These findings reveal  
generalizable, scale-dependent  
mechanisms mediating the  
stability of a critical ecosystem  
function provided by consumer  
communities, extending  
biodiversity–stability theory. 

Understanding the factors that regulate ecosystem processes, such as nutrient cycling, 
is increasingly important as global change accelerates the degradation and defauna-
tion of ecosystems. In marine ecosystems, fish communities recycle and redistribute 
nutrients through excretion, directly influencing nutrient dynamics with implications 
for community dynamics and ecosystem function. The stability of consumer- mediated 
nutrient dynamics (CND) is threatened as global change disrupts species interactions, 
rewires food webs, and alters biogeochemical cycles. However, the stability of CND 
has rarely been quantified. While decades of research on primary producers show that 
biodiversity can buffer ecosystem functions against environmental variability, we know 
little about whether consumer diversity can have similar effects for CND. We estimated 
the temporal stability of nitrogen supply for marine fish communities using 146 time 
series, spanning  ~25 y (1999–2023) and six long- term monitoring programs across coral  
reefs, mangrove creeks, seagrass beds, and kelp forests and representing ~1.5 million 
individual fishes. Across ecosystems, species richness strongly and positively predicted 
the temporal stability of CND, consistent with diversity–stability theory. However, 
richness was not the dominant driver within ecosystems. Instead, species asynchrony 
(i.e., variation in biomass fluctuations among multiple species) emerged as the strongest  
and most consistent predictor, with higher synchrony destabilizing CND. These findings  
extend biodiversity–stability theory to consumers and show that both biodiversity and 
dynamic community properties govern the stability of CND, with implications for 
conserving marine ecosystem function in the wake of global change. 

LTER   ecosystem function   stability   biodiversity  excretion 

 Nutrient cycling is a fundamental ecological process shaping ecosystem structure, function,  
and stability (1–3). Animals play key roles in this cycling by contributing organic and 
inorganic nutrients through the deposition of carcasses and gametes, as well as physiolog-
ical processes such as egestion and excretion (4–7). These contributions can generate 
fine-scale heterogeneity in nutrient availability, influencing processes from primary pro-
duction to decomposition in a wide variety of aquatic and terrestrial environments, and 
involving consumers ranging from microscopic plankton to large mammals (8–13). The 
magnitude and stoichiometry of labile nutrients, such as nitrogen (N) and phosphorus 
(P), supplied by individual consumers via excretion are strongly influenced by their body 
size, diet, and taxonomic identity (4, 7, 14). When scaling consumer-mediated nutrient 
dynamics (CND) from individuals to entire communities, community structure and 
species diversity determine the magnitude of N and P supplied by consumers across space 
(5, 15). However, these relationships and their implications for the temporal dynamics 
of CND remain poorly understood. 

 Despite a number of studies documenting the spatial dynamics of CND, there has  
been far less focus on their temporal dynamics (4, 5, 7, 16, 17). The lack of studies  
focused on the temporal variation of CND stems from the scarcity of long-term data  
needed to evaluate the dynamics of consumer communities across ecologically relevant  
timescales (7, 18, 19), as well as the challenges of measuring and scaling consumer  
excretion across numerous taxa. However, understanding the factors that stabilize CND  
across time is critical for predicting how global change will alter this important function  
(7, 16). The growing availability of empirical CND (e.g., refs. 14 and 20) and long-term  
monitoring (e.g., refs. 21  and 22) datasets, as well as advances in modeling animal  D
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physiology (e.g., refs. 23 and 24), are making such studies feasi-
ble. Studies that have examined temporal variation in CND sug-
gest that community nutrient supply can be highly variable due  
to changes in community composition as mediated by species’  
gains, losses, and fluctuating abundances (13, 19, 25). Along  
these lines, relationships predicted by diversity–stability theory  
may be leveraged to elucidate the drivers of CND stability (26– 
28). For example, the temporal stability of primary production  
depends strongly on plant species richness (26, 29, 30). The  
mechanisms that underpin diversity–stability relationships gen-
erally result from compensatory and complementarity mecha-
nisms that are dynamic and operate through time (31–34). 
Compensatory effects of diversity on stability arise when asyn-
chronous fluctuations in species abundances or changes in com-
position buffer the effects of temporal environmental variation  
on community-level processes (32). The stabilizing effect of spe-
cies asynchrony, whereby independent fluctuations among species  
populations reduce variation in community-level function, is  
commonly referred to as a “portfolio effect”—a concept initially  
proposed by the insurance hypothesis (35). Species asynchrony  
is hypothesized to increase with species richness (but see ref. 36), 
as diversity increases the likelihood that species respond differ-
ently to environmental drivers that dampen the effects of pertur-
bations on community processes (37). Complementarity effects  
stabilize community processes via multiple potential processes  
such as facilitation among taxa, as well as niche partitioning, that  
in turn increases stability (32). 

 Much of the long, rich history to understand how biodiversity  
affects the temporal stability of ecosystem processes stems from  
controlled experiments in temperate grassland producer commu-
nities (26, 27, 29, 38). In addition to relatively little research on  
diversity–stability relationships in consumers, a recent synthesis  
study found that only 14% of diversity–stability relationship studies  
were conducted in marine environments, with only a fraction of  
those focusing on consumers (39). Greater attention to how diver-
sity affects the stability of ecosystem function in consumer commu-
nities and across aquatic environments will greatly improve our  
understanding of how they potentially break down for specific  
ecosystems or at various spatial scales. Further, the mechanisms that  
stabilize consumer functions may differ from producers given inher-
ent differences between organismal groups (e.g., mobility, metabo-
lism). Given that marine consumer communities can contribute  
meaningfully to nutrient cycling through processes such as CND  
and are experiencing a rapid loss of biodiversity (40–42), it is imper-
ative to understand how species losses are destabilizing coastal eco-
system function. 

H ere, we use 146 time series of marine fish communities from  
six long-term monitoring programs across coral reef, mangrove,  
seagrass, and kelp habitats spanning ~25 y (1999–2023, Fig. 1 ) 
and  ~1.5 million estimates of individual N supply to test the factors  
mediating the temporal stability of CND. We focus on N supply  
via excretion by fish communities in nearshore marine ecosystems  
given its bioavailability for primary producers that are often strongly  
N-limited in these environments (43), and fish can be among the  
largest N sources (11, 44). We ask the questions: 1) How does fish  
species richness relate to the temporal stability of CND? 2) Which  
aspects of community diversity (richness, evenness) and dynamics  
(synchrony, turnover) at species and trophic levels best predict sta-
bility? 3) Are these relationships consistent across and within eco-
systems? We evaluate metrics of diversity and dynamics at both  
species and trophic levels of organization to better understand the  
influence of community characteristics on CND stability. We pre-
dicted that trophic diversity and dynamics could contribute to  
CND stability independent of species identity, as trophic guilds  

Fig. 1.     Map of long- term ecological research programs used in our study. 
Colored points represent individual research programs with taxonomically 
resolved fish community time series data. Colored lines represent individual 
time series of aggregate nitrogen supply rates that correspond to the color of 
points on the map. Note different scales on the X  and Y  axes across research 
programs. FCE = Florida Coastal Everglades (US- LTER); MCR = Moorea Coral 
Reef (US- LTER); PCCC = Partnership for Interdisciplinary Studies of Coastal 
Oceans–California Central; PCCS = Partnership for Interdisciplinary Studies 
of Coastal Ocean–California Southern;  SBC = Santa Barbara Coastal (US- 
LTER); VCR = Virginia Coast Reserve (US-LTER).  

differ in their nitrogen supply rates and could therefore experience  
shifts in composition that buffer community-level N supply irre-
spective of species-level dynamics (4). 

Results 

W e found that the temporal stability of CND varied significantly  
among ecosystems (Fig. 2 , Welch’s ANOVA: F5,44  = 24.4, P  < 0.001).  
Across ecosystems, species richness was the strongest predictor of  
CND stability: More speciose communities had substantially more  
stable nitrogen supply, with an effect size approximately 1.5 times  
that of other predictors (Fig.  3).  Within ecosystems, species richness  
was not the primary driver of CND stability; instead, species syn-
chrony best predicted CND stability, with more asynchronous com-
munities being more stable (Fig. 4 ). This indicates that for CND  
stability within a given ecosystem, how many species are present at  
a locality is less important than how the identity and biomass of  
those species vary over time. The influence of synchrony and other  
metrics, such as species turnover, on CND stability varied in strength  
among ecosystems, highlighting that while diversity–stability  
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Fig. 2.     Variation in CND stability among ecosystems. Solid black lines in 
colored boxes represent the ecosystem (program) median. The colored 
boxes represent the middle 50% of observations, with the upper edge 
indicating the 75% percentile of observations and the lower edge indicating 
the 25% percentile. The end of each vertical line represents the range of 
observations, with points above or below considered outliers. Individual 
points are colored by program and represent CND stability estimates for 
individual sites. Bold letters indicate Games–Howell post hoc test groupings 
following Welch’s ANOVA (F5,44  = 24.4, P  < 0.001). MCR = Moorea Coral Reef 
LTER, PCCS = PISCO Coastal California South, FCE = Florida Coastal Everglades 
LTER, PCCC = PISCO  Coastal California Central, SBC = Santa Barbara Coastal 
LTER, and VCR = Virginia Coast Reserve LTER. 

relationships are evident at broad scales, local dynamics are shaped  
by site-specific community structure and temporal patterns (Fig. 5 ). 

Across-Ecosystem Drivers  of CND Stability.  We quantified CND  
for 146 time series of fish communities spanning six ecosystems  
in tropical, subtropical, and temperate biomes (Fig. 1). The mean  
community level nitrogen supply rate (CND magnitude hereafter  

and measured as mg N/h/area) was highest at MCR (a tropical  
coral reef ecosystem spanning fore-, fringing -, and back - reef habitats,  
3.03 ± 0.8 mg N/h/m2) and lowest at VCR (a temperate seagrass  
ecosystem characterized by sand flats and seagrass meadows, 0.18  
± 0.1 mg N/h/m2). Intermediate rates of N supply were observed  
at FCE (a subtropical mangrove ecosystem that spans a gradient of  
coastal riverine to estuarine habitats, 1.68 ± 1.0 mg N/h/m), as well as  
the three temperate kelp forest reef ecosystems included in our study  
(PCCS: 2.14 ± 0.8 mg N/h/m2, PCCC: 1.77 ± 0.6 mg N/h/m2,  
SBC: 1.11 ± 1.2 mg N/h/m2). CND magnitude was marginally  
positively correlated with CND stability (measured as 1/CV in mean  
annual fish community N supply) across sites (SI Appendix, Fig. S1),  
suggesting that sites with greater CND magnitude were generally  
more stable (R2  = 0.61, P  = 0.07). Similar to the magnitude of N  
supply, CND stability varied considerably within and across each of  
the six ecosystems analyzed (Fig. 2 and Table 1). CND stability was  
on average highest at MCR (3.42 ± 1.1) and lowest at VCR (1.13 ±  
0.3). Intermediate values of stability were observed at PCCS (1.92 ±  
0.5), PCCC (1.62 ± 0.4), FCE (2.10 ± 0.9), and SBC (1.46 ± 0.3).  
The trophic composition of fish communities varied strongly among  
ecosystems, with the majority of N supply typically dominated by  
a single trophic guild (SI Appendix, Table S1). 

S pecies richness was the strongest predictor of CND stability 
across ecosystems, with its total effect size in the path analysis ~1.5  
times greater than any other predictor ( ). Model tests indi-
cated that the path fit was excellent (X2 = 1.43, P = 0.698), with  
the specified path model explaining a large proportion of the var-
iation in CND stability across ecosystems (R2    = 0.67). Species 
richness had direct (standardized path coefficient; hereafter, spc = 
0.50, P   < 0.001) and indirect (spc = 0.142, P   < 0.001, species 
richness [−0.40] × species synchrony [−0.36]) effects on CND 
stability. Species richness indirectly influenced CND stability 
through a negative effect on species synchrony (spc = −0.40, P < 
0.001), such that communities with higher numbers of species 
exhibited lower synchrony, and as a result, greater CND stability. 
In addition to the intermediate role of species synchrony in facil-
itating the indirect effect of species richness, it had a direct effect 
(spc = −0.36, P < 0.001) on CND stability . Despite the strong 
effects of trophic richness on trophic turnover (spc = −0.71,  
P  < 0.001) and species turno ver (spc = −1.42, P < 0.001), neither  
turnover metric facilitated a significant indirect effect of trophic 

Fig. 3 

 
A 

Species 
Richness 

Trophic 
Richness 

Species 
Turnover 

Species 
Synchrony 

Trophic 
Turnover 

CND 
Stability 

B 

Fig. 3.     Across- ecosystem drivers of CND stability. Panel (A) shows the results of path analysis illustrating the direct and indirect effects of community diversity 
(green boxes) and dynamics (blue boxes) on CND stability across all programs. Numeric values along lines indicate the strength and direction of significant 
relationships (P  < 0.05) between individual terms. Bold numbers indicate relationships that mediate CND stability. Panel (B) shows the effect of species richness 
on CND stability across ecosystems. Small colored points represent the stability of mean nitrogen supply and mean species richness of the fish community at 
individual sampling location nested within each program. Large colored points represent the stability of the mean nitrogen supply and mean species richness 
of the fish community within a program (R2 = 0.83, P = 0.01). 
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Fig. 4.     Influence of species synchrony compared to species richness on CND stability within ecosystems. Panel (A) represents the influence of species synchrony 
on CND stability (R2  conditional = 0.70, R2  marginal = 0.14), with colored points showing individual sites within programs and colored lines representing the 
linear relationship predicted for each program. Panel (B) represents slope estimates for the synchrony relationship shown in panel A  within each program. The 
large, colored points in beta panels represent the mean slope estimates as predicted by Bayesian regression models, with thick error bars representing 80% 
credible intervals (CIs) and thin error bars representing 95% CIs for each program. Panel (C) represents the influence of species richness on CND stability (R2  
conditional = 0.58, R2  marginal = 0.04). Panel (D) represents slope estimates for the richness relationship shown in panel C. Model predictions for each metric 
are based on single-term models.  

richness on CND stability (trophic turnover indirect spc = 0.06, 
 P  = 0.321; species turnover indirect spc = 0.17, P = 0.112). 

Within-Ecosystem Drivers of CND Stability.  Species synchrony 
was the best single-term pr edictor of CND stability within 
ecosystems, in contrast to species richness being the best predictor  
across ecosystems (Fig. 4 and see SI Appendix, Table S1 for model 
selection details). Bayesian hierarchical models indicated that the 
relationship between species synchrony and CND stability was 
consistently negative but varied considerably in strength among 
ecosystems (Fig. 4). Our models indicated there was no consistent  
and generalizable effect of species synchrony among programs 
(R2

mar  = 0.14), but including random effects substantially increased  
explanatory power (R2

con  = 0.70), suggesting significant effects of
synchrony within some programs. Three sites—MCR, PCCS, and  
FCE—exhibited strong negative relationships between synchrony  
and CND stability [Pr(slope < 0) = 1.00, Fig. 4 A and B]. The 
remaining sites also exhibited negative relationships between 
synchrony and CND stability, though with greater uncertainty: 
VCR [Pr(slope < 0) = 0.98], PCCC [Pr(slope < 0) = 0.93], and 
SBC [Pr(slope < 0) = 0.71]. Species richness only explained 4% 
of the variation (R2

mar  = 0.04) in CND within the ecosystems
evaluated. However, the effect of species richness on CND stability  
was evident at several sites (Fig. 4 C and D). MCR and PCCS 
exhibited strong positive relationships between species richness 
and CND stability [Pr(slope > 0) = 1.00 and 0.99, respectively]. 
While weaker, there was evidence for a positive relationship 

between species richness and CND stability at PCCC [Pr(slope 
> 0) = 0.83] and SBC [Pr(slope > 0) = 0.83]. The relationship 
between species richness and CND stability was weakest at VCR 
[Pr(slope > 0) = 0.65] and FCE [Pr(slope > 0) = 0.63], where no 
clear directional effect was evident. 

 The strength and relative importance of predictors mediating  
CND stability varied markedly among ecosystems. This was par-
ticularly evident when extending single-term models described  
above to include multiple predictors of CND stability, with a com-
bination of species synchrony and species turnover best explaining  
the stability of fish nutrient supply within each ecosystem (Fig. 5 , 
 R2 mar   = 0.20, R2 con  = 0.74). S pecies synchrony emerged as the best  
single predictor of CND stability within ecosystems (as described  
above), with model fit improving with the addition of species turn-
over (Fig. 5  and see SI A ppendix, Table S2  for model selection  
details). MCR and PCCS exhibited strong negative relationships  
between CND stability and species synchrony [MCR: Pr(slope <  
0) = 1.00; PCCS: Pr(slope < 0) = 1.00], as well as species turnover  
[MCR: Pr(slope < 0) = 1.00; PCCS: Pr(slope < 0) = 1.00]. CND  
stability at FCE was mediated by strong negative relationships with  
synchrony [Pr(slope < 0) = 1.00] and species turnover [Pr(slope <  
0) = 0.98]. At PCCC, species turnover had the strongest negative  
effect on CND stability [Pr(slope < 0) = 1.00], with strong evidence  
for a negative effect of synchrony as well [Pr(slope < 0) = 0.90]. At  
SBC, species turnover had a strong negative effect on CND stability  
[Pr(slope < 0) = 0.99], while the effect of synchrony was weaker  
[Pr(slope < 0) = 0.74]. In contrast, VCR exhibited a strong negative  D
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Fig. 5.     Within-ecosystem  drivers of CND stability. Colored lines in panel (A) represent the linear relationship predicted for each program. Colored points in 
panel (B) represent slope estimates for relationships within each program as predicted by Bayesian regression models, with thick error bars representing 
80% credible intervals (CIs) and thin error bars representing 95% CIs for each program (Full model summary: R2  conditional = 0.74, R2  marginal = 0.20). Model 
predictions for each metric are based on models with multiple terms determined using forward-selection.  

relationship with synchrony [Pr(slope < 0) = 0.98] but weaker evi-
dence for an effect of species turnover [Pr(slope < 0) = 0.79].  
Despite considerable variation in the strength of synchrony and  
turnover effects, the direction of these relationships were consist-
ently negative across all ecosystems examined here, highlighting  
the importance of asynchronous species dynamics and low turnover  
for stabilizing CND.   

Discussion

 Consumer-mediated nutrient dynamics (CND) influences pri-
mary production and community structure in many ecosystems 
(11, 44, 45). Yet, there is little understanding of how these pro-
cesses fluctuate through time (13, 16, 25). The lack of empirical 
studies into how consumers affect nutrient cycling and other eco-
system processes through time (e.g., stability) limits our ability to 

understand how ecosystem functioning is changing due to defau-
nation, biodiversity decline, and other global changes (40, 46–48).  
Here, we show that the scale-dependent effects of species richness 
and asynchrony regulate the temporal stability of CND in marine  
ecosystems. The magnitude and temporal variability of CND var-
ied considerably across the ecosystems examined, with fish com-
munities characterized by greater CND magnitude generally 
exhibiting greater CND stability. Across ecosystems, species rich-
ness strongly predicted CND stability, indicating that speciose 
communities maintain a more consistent supply of N over time. 
Within ecosystems, however, richness was not the primary driver 
of CND stability; instead, species synchrony (a temporally 
dynamic property of communities) best predicted the stability of 
CND, with more synchronous sites being less stable, as we would 
predict from theory. This scale-dependent shift in dominant driv-
ers extends diversity–stability theory to consumer-mediated 

Table 1.   Summary of ecosystem- level variation in fish community structure, dynamics, and consumer-mediated  
nutrient supply

Program 
Period of record 

(years) Sites Area 
CND stability 

(1/CV) 
CND magnitude 

(mg/h/area) 
Species 
richness 

Species 
evenness 

Trophic 
richness 

Trophic 
evenness 

FCE 2005–2023 (19) 15 m 2.1 ± 0.9 1.7 ± 1.0 4.9 ± 1.5 3.1 ± 0.7 2.5 ± 0.5 1.8 ± 0.2 
MCR 2006–2022 (17) 18 2m 3.4 ± 1.1 3.0 ± 0.8 39.3 ± 9.9 10.9 ± 0.4 4.6 ± 0.4 2.1 ± 0.2 
PCCC 1999–2021 (23) 26 2m 1.6 ± 0.4 1.8 ± 0.6 6.1 ± 0.7 2.5 ± 0.3 2.6 ± 0.2 1.7 ± 0.2 
PCCS 1999–2021 (23) 60 2m 1.9 ± 0.5 2.1 ± 0.8 6.7 ± 1.6 3.1 ± 0.6 2.6 ± 0.4 1.7 ± 0.2 
SBC 2000–2023 (24) 11 2m 1.5 ± 0.3 1.1 ± 1.2 6.7 ± 3.3 3.6 ± 1.0 2.0 ± 0.4 1.5 ± 0.2 
VCR 2012–2018 (7) 16 2m 1.1 ± 0.3 0.2 ± 0.1 2.0 ± 1.0 1.3 ± 0.5 1.5 ± 0.5 1.1 ± 0.3 
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functions and shows that the mechanisms supporting stability 
differ fundamentally across vs. within ecosystems. Our findings 
broaden the general understanding of how diversity and commu-
nity dynamics mediate ecosystem function and help fill a critical 
gap in resolving these relationships for oft-neglected consumers, 
as well as marine ecosystems. 

When comparing acr oss ecosystems, the relationship between  
species richness and CND stability aligned with general predictions  
of diversity–stability theory (26, 49, 50), and more specific hypoth-
eses that diversity reduces temporal variation in function via portfolio  
effects (51, 52). The fact that species richness emerged as the dom-
inant predictor of CND stability across ecosystems is particularly  
interesting given that the universal excretion model used in our study  
does not explicitly account for species identity, but instead focuses  
on body size and diet (4). This finding underscores the generality of  
species diversity effects on stability and highlights the capacity of  
diverse ecosystems to host species with trait combinations and inter-
actions that support complementarity (e.g., facilitation, niche par-
titioning) and compensatory (e.g., portfolio effects) mechanisms  
responsible for stabilizing ecological processes (32, 53). Despite  
previous studies demonstrating the importance of species diversity  
in mediating higher rates of community nutrient supply (5), our  
results reveal that species diversity also enhances the temporal stability  
of CND—a dual role that underscores the vulnerability of both  
function and stability of function to biodiversity loss (46, 47). That  
this effect emerges even when our excretion model does not incor-
porate species identity highlights the generality of biodiversity’s sta-
bilizing influence. Importantly, the loss of species diversity not only  
decreases the magnitude of this important ecological function (i.e.,  
biodiversity-ecosystem function relationships,  54) but also erodes its  
stability—an emerging concern as global change continues to alter  
the abundance and composition of consumer communities (40–42). 

Although  we were able to quantify the magnitude and stability  
of N provided by fishes in these ecosystems, we were unable to  
quantify how this source of N related to abiotic sources or the  
demand from primary producers. Formally quantifying the contri-
bution of fish-derived nitrogen to ambient nutrient pools was  
beyond the scope of this study, as isolating animal-derived inputs  
from those of abiotic sources (e.g., atmospheric deposition, tidal  
exchange, 11, 39) is not readily tractable at the scale of a multieco-
system synthesis. However, the ecosystems examined here generally  
represent marine ecosystems with abundant fishes where CND is  
likely large in magnitude and ecological impact (7, 10), potentially  
rivaling abiotic sources (11, 44). For instance, previous work in  
several of these ecosystems has indeed shown fishes to contribute  
large amounts of limiting nutrients (e.g., refs. 13, 25, and 55). The  
ecosystem-level significance of CND stability ultimately depends,  
at least in part, on the degree of nutrient limitation and the mag-
nitude of CND relative to abiotic sources (7). Where consumers  
contribute a relatively disproportionate amount of available N, it  
stands to reason that variation in CND stability may propagate to  
have larger effects than in ecosystems where CND encompasses  
only a small fraction of N inputs. For example, abiotic contributions  
of N at VCR are low and its shallow lagoons are considered  
N-limited (56), such that CND may play an outsized role in  
ecosystem-level N dynamics despite the comparatively low CND  
magnitude relative to other ecosystems in our study. Notably, CND  
stability may help sustain ecosystem processes in systems where  
abiotic N inputs can be large, but vary seasonally (19). The identity  
of the limiting nutrient matters as well. For example, FCE is an  
“upside-down” estuary in which productivity is strongly P-limited  
and P availability tracks the degree of marine influence (57), such  
that variation in CND stability for N may translate less directly into  
ecosystem-level consequences than in N-limited systems, even  

though N cycling remains an important component of the system’s  
overall biogeochemistry (58). Comparing the contributions of  
CND and CND stability to the roles of abiotic processes in pro-
viding nutrients, as well as the stability of ecosystem-level functions  
such as production, are ripe areas for future research. 

Though  the direct effect of species richness had the strongest influ-
ence on CND stability across ecosystems, species synchrony also  
emerged as an important predictor via its direct and indirect effects.  
Species richness had an indirect effect on CND stability via species  
synchrony, in which ecosystems characterized by a greater number  
of species exhibited lower population synchrony (i.e., higher asyn-
chrony), resulting in higher stability of nutrient supply across eco-
systems. The role of synchrony in mediating CND stability is echoed  
by a vast array of literature which provides support for the “insur-
ance,” “covariance,” or “portfolio” hypotheses—in which the stabi-
lizing effect of increasing species diversity is tied to differential  
responses of species to environmental fluctuations (28, 35, 52, 59, 
60). Given the stochastic nature of many coastal ecosystems, it is  
unsurprising that asynchronous fluctuations in species’ abundances,  
promoted by a higher number of species, emerged as an important  
predictor of CND stability across ecosystems in our study. 

D rivers of CND stability diverged considerably when comparing  
patterns within versus across ecosystems, as species richness emerged  
as the dominant predictor of CND stability across ecosystems but  
had more modest effects within a given ecosystem. Differences in  
the strength and relative importance of drivers across scales of  
inquiry align with previous research aimed at elucidating mecha-
nisms of ecosystem stability (61–63). For example, Wisnoski et  al.  
found that the relationship between diversity and stability becomes  
decoupled across spatial scales for multiple organismal groups and  
ecosystem types (62). Differences in drivers at different scales are  
likely related to local conditions (e.g., disturbance regimes, habitat  
heterogeneity, species trait diversity within and across local pools of  
species) that can act to dampen or amplify various mechanisms of  
stability (64–66). For example, though our results suggest that  
dynamic processes (e.g., species synchrony, species turnover) are  
most important within ecosystems, the relative importance of indi-
vidual predictors varied among ecosystems. Within ecosystems,  
patterns in CND stability were shaped by varying combinations of  
species synchrony and species turnover. While synchrony and turn-
over had consistent negative effects on CND stability within eco-
systems, the strength of predictor effects on community nutrient  
supply varied substantially, especially when considering their addi-
tive effects on CND stability (i.e., single vs. multiterm model pre-
dictions), reflecting context-specific interactions among species and  
environmental drivers at local scales (67). 

 Species synchrony was the most important predictor of CND  
stability within ecosystems. This finding bolsters longstanding pre-
dictions (49, 68, 69) and empirical evidence from plant commu-
nities (38, 70, 71) that asynchronous fluctuations in abundance  
among species can stabilize ecosystem function by minimizing  
covariance among populations. While the strength of this relation-
ship varied across sites, the directionality of the effects of synchrony  
on CND stability was consistently negative, indicating that asyn-
chrony has important implications for the stability of consumer  
functions. Local abiotic (71, 72) and biotic (31, 73) factors likely  
determined the variability in the strength of synchrony effects in  
our study. For instance, changes in species dominance, where a  
small number of species contribute disproportionately to total  
community biomass, can constrain the stabilizing effects of asyn-
chrony (35, 74). Ecosystems with low evenness in our dataset  
showed little influence of synchrony on stability, suggesting that  
dominance by a few species can limit the buffering potential of  
asynchrony. These patterns suggest that compensatory dynamics  D
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likely play a key role in maintaining consistent nutrient supply by  
consumer communities (34, 50, 75). 

 CND stability within ecosystems depended not only on species  
diversity, but on the temporal interplay of multiple aspects of com-
munity structure—the strength and relative importance of which  
likely varies as a result of local and regional dynamics. Similar to  
species synchrony, species turnover had consistent, destabilizing  
effects on CND stability across all ecosystems examined, though  
the relative importance of these two predictors varied among sites.  
These patterns indicate that both asynchronous population dynam-
ics and the compositional stability of fish communities are impor-
tant for sustaining consistent nutrient supply over time. The  
destabilizing effects of species turnover likely reflect spatiotemporal  
shifts in community composition driven by large disturbances (e.g.,  
disease, bioinvasion, marine heatwaves, and other thermal anom-
alies) documented at these sites during the period of sampling  
analyzed in our study (76–79). Although studies directly linking  
disturbance to CND remain limited, existing literature shows how  
changes in species’ abundance and community composition fol-
lowing disturbance can alter or sustain CND (13, 19, 25). 

While synchr ony and turnover were consistently negative pre-
dictors across all sites, their relative importance shifted among 
ecosystems—synchrony was the dominant predictor at FCE, 
PCCS, and VCR, whereas turnover had comparatively stronger 
effects at MCR, PCCC, and SBC. The relative importance of 
synchrony and turnover in regulating CND stability likely reflects  
the nature and extent of spatial gradients structuring fish commu-
nities within each ecosystem. 

A t FCE, where species synchrony effects on CND stability were  
strongest, fish communities span a pronounced hydrological gra-
dient where communities further inland are strongly structured by  
interannual variation in precipitation and sites closer to the coast  
are more decoupled from this forcing (80, 81). This hydrologic  
gradient likely creates strong spatial variation in the degree to which  
species fluctuate in synchrony across space, with inland populations  
responding similarly to hydrologic variation and coastal commu-
nities exhibiting more idiosyncratic responses, amplifying the over-
all signature of synchrony as a driver of CND stability within FCE.  
At MCR, where turnover effects were strongest, discrete habitats  
(i.e., fore reef, fringing reef, and back reef ) support compositionally  
distinct species pools that experience and respond to perturbations  
in fundamentally different ways (25, 82). While synchrony also  
had important effects at MCR, strong spatial variation in commu-
nity composition likely contributed to the comparatively greater  
influence of species turnover on CND stability. More broadly, these  
patterns suggest that the spatial configuration of environmental  
gradients within an ecosystem may determine which axis of com-
munity dynamics—species synchrony or turnover—most strongly  
governs CND stability, with implications for how we predict and  
manage ecosystem functions provided by consumer communities  
across heterogeneous seascapes. The lower CND stability observed  
at SBC and VCR likely reflects their comparatively low CND  
magnitude relative to the other ecosystems monitored in our study.  
The observed relationship between CND magnitude and stability  
suggests that biomass-mediated pathways may also influence CND  
stability, though evaluating such mechanisms was beyond the scope  
of this study. Future research that considers the role of biomass and  
functional traits (e.g., body size) in mediating observed relation-
ships could provide additional insight into the role of community  
structure in biogeochemical processes. 

 Our findings show that CND stability varies greatly across 
marine ecosystems and that the stability within and across ecosys-
tems is dictated by both species diversity and community dynam-
ics. From a conservation and management perspective, these 

findings indicate that protecting or restoring functionally distinct 
species can help stabilize consumer impacts on ecosystem func-
tion. Species richness and species synchrony, metrics reflecting 
both the structure and the temporal dynamics of communities, 
emerged as key predictors of CND stability. Importantly, the driv-
ers of CND stability were scale dependent. While species richness 
showed the strongest effect on stability across ecosystems, 
within-system stability was best predicted by species synchrony— 
an effect which varied in strength but was consistently negative 
with more asynchrony leading to higher CND stability. This pat-
tern highlights the importance of portfolio effects on the stability 
of consumer functional roles within a given system. Our results 
are unique in that they extend diversity–stability theory to con-
sumer functions and show that biodiversity and dynamic com-
munity properties govern the stability of CND. These findings 
carry further implications for how animals are represented in 
global biogeochemical models, which generally do not account 
for CND or the mechanisms that mediate the stability of CND. 
Incorporating even coarse estimates of consumer diversity (i.e., 
richness) and dynamics (i.e., synchrony) could improve temporal 
predictions of CND in ecosystems where animals such as fishes 
contribute meaningfully to biogeochemical processes. As climate 
variability continues to increase, biodiversity continues to decline,  
and species interactions are consistently altered as a result of global  
change, understanding the factors that promote the stability of 
important consumer functional roles will be imperative for sus-
taining ecosystem function.  

Materials and Methods 

Data Sources and Transformation. Data compiled in this study are a result of  
data synthesis efforts funded by the NSF’s Long Term Ecological Research network  
(LTER) to examine CND across time using LTER and Partnership for Interdisciplinary  
Studies of Coastal Oceans (PISCO) research networks (21). Here, we included data  
from six research programs that sampled coastal fish communities across coral,  
mangrove, kelp, and seagrass habitats. The Florida Coastal Everglades LTER (FCE) 
monitored fish communities at 15 fixed sites spanning a coastal riverine to estua-
rine gradient in southwest Florida’s Shark River using standardized electrofishing  
surveys (83). The Moorea Coral Reef LTER (MCR) surveyed fish communities at 18 
sites across fore-,  fringing- , and back-r eef habitats on the three distinct sides of  
the island of Moorea, French Polynesia using standardized underwater visual sur-
veys (84). The Partnership for Interdisciplinary Studies of Coastal Oceans programs  
in central (PCCC; 26 sites) and southern (PCCS; 60 sites) California surveyed 
kelp forest reef fish communities inside and outside of marine protected areas 
(MPAs) using standardized underwater visual surveys (85).  The Santa Barbara 
Coastal LTER (SBC) monitored benthic fish communities at 11 sites inside and 
outside of MPAs in nearshore kelp forest reefs in the Santa Barbara Channel,  
California using standardized underwater visual surveys (86). The Virginia Coast 
Reserve LTER (VCR) surveyed fish communities at 16 sites across subtidal sand 
flats and seagrass meadows within the coastal bays of  Virginia’s Eastern Shore 
using standardized seining surveys (87). The six time series programs used in our  
study quantified individual biomass (e.g., size- structured count data) across 146 
sites in total (see ref.  21 for further information on program- specific sampling 
designs). Datasets from separate sources were “harmonized” (i.e., comparable 
information combined into a single dataset to remove idiosyncrasies between 
datasets) using the programming language R (version 4.2).  A data key was first 
generated by domain experts to translate each dataset’s original column names 
into among- dataset standardized equivalents. Several packages in R were used to  
accomplish this process, as well as subsequent quality control and data wrangling  
efforts; these packages include dplyr, tidyr, stringr, and readxl. Taxonomic names 
were verified using the taxize package (88). 

Nutrient Supply Estimates. Individual consumer nitrogen supply was esti-
mated using universal excretion coefficients published by Vanni and McIntyre 
(2016) for aquatic ectotherms (4).  These models required the following D
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information to estimate excretion for individual animals: 1) dry organism bio-
mass, 2) environmental temperature, 3) vertebrate classification (i.e., whether an 
animal is a vertebrate or invertebrate), and 4) trophic guild categorization. Where  
wet-dry biomas s coefficients were unavailable for converting wet to dry biomass,  
published conversion coefficients were gathered from the literature. For each 
sampling project, we used in situ water temperature recordings to calculate the 
average temperature during the sampling period for all available years. Individual  
species were assigned to one of  five trophic guilds: 1) algivore/detritivore,   
2) invertivore, 3) piscivore, 4) piscivore/invertivore, or 5) omnivore.  The trophic 
guild of individual species was determined by domain experts associated with 
each of the six research programs in our study. 

Universal excretion models were then used to estimate excretion rates for all  
individuals of each fish species encountered. Next, excretion rate estimates of indi-
viduals were summed to generate community-level e xcretion estimates for each  
sampling event and the mean rate of nitrogen supply averaged over all years of  
the time series for each of the 146 sites used in the study. Although these universal  
excretion models do not incorporate species-specific metabolic or stoichiometric   
traits that can be important for mediating nutrient excretion (4, 14), we selected  
this approach for two key reasons. First, while robust empirical excretion rate esti-
mates exist for a subset of fishes at MCR and SBC (13, 25), comparable data are  
lacking for the majority of species and ecosystems represented in the full dataset.  
Second, where species-specific estimates e xist, variation in methodologies (e.g.,  
location and duration of incubations) and ecological context (e.g., site-specific   
diet composition, temperature regimes) would introduce inconsistencies that are  
difficult to account for across such a broad spatial gradient. The universal excretion  
model was ultimately selected to ensure consistency across programs and permit  
excretion estimates for all species in the dataset. We acknowledge this as a limi-
tation, and note this represents an important avenue for future work as species-  
and system-specific e xcretion databases (e.g., refs.  4, 14, and 55) continue to be  
generated and made publicly available. However, using the universal equation to  
generate excretion estimates would function to minimize the differences among  
species, meaning that it resulted in a more conservative test of  species richness on  
the stability of  nutrient excretion. Further, the decision to use universal equations  
for estimating the nutrient supply of individuals was supported by a comparison  
of model estimates and empirically observed nutrient supply rates from a subset  
of  kelp- associated fishes for which empirical observations of nitrogen supply exist  
(13).  Using simple linear regression,  we showed a strong positive relationship  
between empirical estimates and our model outputs (R2 = 0.76,  P < 0.001,  
SI Appendix, Fig.  S2), suggesting that the universal excretion model performs  
well. There are other available bioenergetics-based models,  such as the fishflux  
(24) and Fish Bioenergetics 4.0 (23) packages, that have advanced our ability to  
estimate excretion by fishes. However, these models require species- specific traits  
(e.g., metabolic, stoichiometric) that are not readily available for many of the taxa  
represented in our dataset.  As functional trait databases continue to grow and  
become more publicly available, these models will become increasingly feasible  
for large, cross- taxa and cross- system studies such as ours. 

Community Stability, Structure, and Dynamic Metrics. The temporal 
stability of CND was calculated as the inverse of the Coefficient of  Variation 
[1/CV, (89, 90)] for aggregate nitrogen supply rate for all 146 sites (i.e., fixed 
sampling locations) within ecosystems (e.g., FCE- RB10).  We used hierarchical 
Bayesian regression models with stepwise forward model selection to evaluate 
the effects of community structure and dynamics at various levels of ecological 
organization (i.e., species and trophic) on CND stability. Model predictors were 
1) species richness, measured as the number of species within the community; 
2) trophic richness, measured as the number of trophic guilds used in nitrogen 
supply models described above; 3) species evenness,  measured as the inverse 
Simpson diversity index using the relative abundance of each species (91); 4) 
trophic evenness, measured as the inverse Simpson diversity index (91) using 
the number of  trophic guilds and their relative abundance; 5) species synchrony,  
measured as the summed variance of aggregated species biomass compared to 
the summed variance of single species (92, 93); 6) trophic synchrony, measured 
as the summed variance of aggregated trophic guild biomass compared to the 
summed variance of single trophic guild (92, 93); 7) species turnover, measured 
as the sum of species gained and lost across years divided by the total number of  
species between years (93, 94); and 8) trophic turnover, measured as the sum of  

trophic guilds gained and lost across years divided by the total number of trophic 
guilds between years (93, 94). Metrics were averaged to the same resolution as 
CND stability prior to model fitting such that each of the 146 sites had a single 
value for each metric (5). Synchrony and turnover metrics were calculated in R 
using the codyn package (93). 

To ensure that variation in time series length did not bias our stability esti-
mates, we evaluated the relationship between CND stability and the duration of  
time series across ecosystems. This analysis revealed a weak, though significant,  
effect of  time series duration on CND stability which was driven in part by the 
shorter period of records (5 to 7 y) at VCR (R2 = 0.05,  P = 0.009,  SI Appendix, 
Fig.  S3A).  When data from VCR were excluded,  the relationship between time 
series duration and CND stability was no longer significant and the direction of  the  
trend reversed (R2  = 0.003, P  = 0.522, SI Appendix, Fig. S3B). Thus, we were con-
fident that the study duration had minimal influence on the results of the study. 

Statistical Analyses.  We compared CND stability among ecosystems using 
Welch’s ANOVA,  followed by Games–Howell post hoc tests to identify pairwise 
differences in community nitrogen supply stability. We used simple linear regres-
sion to evaluate the relationship between species richness and CND stability 
across ecosystems. Both stability and richness metrics were log-tr ansformed prior  
to fitting.  To quantitatively analyze the pathways by which diversity influences 
CND, both directly and indirectly via dynamic processes, we conducted a path 
analysis relating evenness and richness to CND stability across all ecosystems.  
The model allowed both species and trophic diversity to directly influence marine  
CND stability but also allowed for indirect pathways by which diversity metrics may  
influence CND stability (e.g., species synchrony, trophic turnover). We conducted 
the path analysis in R using the lavaan package (95).  The model was fit using 
maximum likelihood estimation with robust SE, and goodness- of- fit evaluated 
using the Yuan–Bentler scaled X2 statistic.  All variables were z- scored prior to 
model fitting to enable the direct comparison of the strengths of path coefficients. 

Hierarchical Bayesian regression models were fit in R using the brms package 
to evaluate which of the eight predictor metrics calculated for each site regulated 
CND stability within ecosystems (96). CND stability (i.e., response metric) was 
scaled across ecosystems, with predictors (e.g., species richness, trophic turno-
ver) scaled within ecosystems prior to model fitting.  This was done to evaluate 
relationships of CND stability with community structure and dynamics within 
ecosystems. Models were fit using weakly informative priors (B ~ N(0,1)) such 
that large effects should be unlikely (97). Each model was run across four MCMC 
chains with 10,000 iterations and a 1,000- iteration warmup. Chain convergence 
was confirmed via the R-hat  statistic. We first fit single-term Bayesian models  to 
evaluate which predictor (species and trophic richness, synchrony, or turnover) 
best predicted CND stability within ecosystems. Single-term models wer e ranked  
using the Watanabe–Akaike Information Criterion (wAIC,  98). Models with <2 
wAIC were considered equivalent.  We then evaluated the consistency of the 
single-variable r elationships by comparing the marginal R2 (i.e., goodness-of - 
fit of the fixed effects only) with the conditional R2 (i.e., goodness- of- fit of the 
fixed + random effects).  We then sought the best full model using a forward 
stepwise selection based on wAIC.  We chose the best initial predictor, and then 
sequentially added more predictors until wAIC scores indicated that no new infor-
mation was being added by subsequent predictors.  All models included long- 
term monitoring programs (e.g., FCE) as a random effect. Both the across- and 
within- ecosystem modeling approaches considered the full suite of species- and  
trophic- level predictors (i.e., eight metrics described above), with final models 
including only the predictors retained in best-fit models.  

Data, Materials, and Software Availability. Empirical and modeled data 
have been deposited through the Environmental Data Initiative at https://doi. 
org/10.6073/pasta/57d99f16c5bae402be0dea197ad5fc45 (21). Data and code 
have been archived on Zenodo at https://doi.org/10.5281/zenodo.22049683 (99). 
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