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Abstract
Identifying environmental drivers of demographic variation is key to predicting 
community-level impacts in response to global change. Climate conditions can syn-
chronize population trends and can occur both spatially for populations of the same 
species, and across multiple species within the same local community. The aim of 
this study was to investigate patterns of temporal variation in survival for freshwater 
fish communities in two geographically close but isolated sites and to understand the 
amount of variation accounted for by abiotic covariates including metrics of water 
temperature and stream flow. Using mark-recapture data, we estimated bi-monthly 
apparent survival in a Bayesian Cormack-Jolly-Seber framework. The model included 
random effects to quantify temporal variance to understand species synchrony with 
the rest of the fish community and between sites. Study species included bluehead 
chub (Nocomis leptocephalus), creek chub (Semotilus atromaculatus), and striped jum-
prock (Moxostoma rupiscartes) in the southeastern USA. Results showed that survival 
varied over time and periods of low survival were associated with higher mean water 
temperature. However, temporal patterns of survival differed among species and be-
tween sites, where survival was synchronous among species within a site but asyn-
chronous between sites for the same species despite their spatial proximity. Study 
streams differed in summer thermal regimes, which resulted in contrasting summer 
survival patterns, suggesting sensitivity of these fishes to warming. We found that 
interspecific synchrony was greater than spatial synchrony, where regional drivers 
such as temperature may interact with local habitat leading to differences in survival 
patterns at fine spatial scales. Finally, these findings show that changes in the timing 
and magnitude of environmental conditions can be critical in limiting vital rates and 
that some populations may be more resilient to climate variation than others.
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1  |  INTRODUC TION

In a time of global change, identifying patterns of demographic 
variation is a key aim in elucidating mechanisms of demographic 
change and predicting population- and community-level impacts 
(Muths et  al.,  2017). Temporal fluctuations in populations and 
their environments are widespread in natural systems (Loreau  & 
de Mazancourt,  2008), and researchers have investigated the 
mechanisms driving demographic variation at different scales in-
cluding among populations within a species and among species 
within a community (Cayuela et  al.,  2016; Koenig,  2001; Trenham 
et al., 2003). The degree of correlation in temporal trends, such as 
abundance, survival, or other demographic metrics, among species 
or populations indicates the amount of synchrony (i.e., high correla-
tion, either positive or negative) or asynchrony (i.e., low correlation; 
Liebhold et al., 2004). Synchrony and asynchrony have been studied 
in a variety of contexts that are relevant in understanding popula-
tion responses to environmental change, community structure, and 
conservation applications such as extinction risk (Bino et al., 2020; 
Vendrametto Granzotti et al., 2021; Walther, 2010).

The degree of synchrony and asynchrony in a system can have 
important consequences for both extinction dynamics and eco-
system stability (Walter et  al.,  2021). High amounts of synchrony 
among populations can make species vulnerable to extinction when 
experiencing shared stressors (e.g., climate change, Palmqvist  & 
Lundberg, 1998). However, high amounts of synchrony among pop-
ulations are not necessarily always associated with extinction. For 
example, extinction risk can be low among synchronized popula-
tions if they are connected, exhibit high dispersal and population 
growth rates, and have large habitat size (Matter, 2001). But spatial 
asynchrony among populations can act as a stabilizing mechanism 
thereby decreasing extinction risk and buffer both populations and 
communities against environmental change (i.e., the insurance hy-
pothesis, portfolio effect; Cline et al., 2022; Hammond et al., 2020; 
Schindler et al., 2015). For example, asynchrony among connected 
populations (i.e., metapopulations) allows dispersal of individuals 
from robust populations to demographically rescue or recolonize 
declining and extirpated populations (Brown & Kodric-Brown, 1977). 
For sympatric species in a community, high amounts of interspecific 
synchrony can decrease community stability and in turn lead to 
increased extinction risk (Elmqvist et  al.,  2003; Mori et  al.,  2013). 
Asynchrony among species within a community can facilitate spe-
cies' coexistence by relaxing interspecific competition (Siepielski & 
McPeek,  2010) and result in community stability through species 
tradeoffs such that a decline in one species is compensated by a rise 
in another (Loreau & de Mazancourt, 2008; Walter et al., 2021).

The amount of synchrony is regulated by a number of mechanisms 
including climate, trophic structure (e.g., predator–prey dynamics), 
dispersal, and biocomplexity (Kendall et  al.,  2000; Koenig,  1999; 
Robertson et al., 2015; Tavecchia et al., 2008). Climate and seasonal 
weather patterns can drive regional spatial synchrony across multi-
ple populations for a given species (i.e., Moran effect, Moran, 1953). 
Individuals of neighboring populations are more likely to experience 

the same climatic drivers, with synchrony decreasing with distance 
(Kendall et  al.,  2000; Paradis et  al.,  1999). Increased synchrony 
among connected populations has also been linked to high amounts 
of dispersal that results in gene flow or density-dependent processes 
(Ranta et al., 1995). Synchrony can also be influenced by similar life 
history traits that correlate with the environment such as repro-
duction timing and temperature (Chevalier et al., 2014; Tedesco & 
Hugueny, 2006) or tracking and competition for food resources or 
space (Hinks et al., 2015; Huitu et al., 2004). Conversely, asynchro-
nous dynamics can arise with increasing amounts of biocomplexity 
in a system such as phenotypic diversity (e.g., life history diversity) 
and local adaptations in response to spatial heterogeneity in habitat 
(Hilborn et al., 2003; Rogers & Schindler, 2008). Additionally, neigh-
boring populations that are isolated may have a higher probability of 
asynchrony if they do not respond similarly to climatic drivers and 
there is a lack of dispersal (Adler, 1994; Dibner et al., 2019).

Investigations into patterns of demographic variation have gen-
erally focused on spatial synchrony among geographically distinct 
populations of the same species (Bouchard et  al.,  2022; Grosbois 
et al., 2009; Olmos et al., 2020), but little attention has been paid to 
synchrony among different species within a community (i.e., inter-
specific synchrony; Raimondo et al., 2004; but see Lahoz-Monfort 
et al., 2011, 2013, and Swallow et al., 2016). Species within a local 
community (i.e., interspecific synchrony) are exposed to similar 
biotic and abiotic environmental conditions and synchronization 
among different species within the same habitat can be influenced 
by shared stochastic effects such as weather and climate (Hansen 
et al., 2013), or shared predators (Raimondo et al., 2004; Vasseur & 
Fox,  2007). However, sympatric species may show asynchronous 
abundance patterns over time leading to high community turn-
over rates (Ives et al., 2003; Shimadzu et al., 2015), especially when 
community members are ecologically diverse and respond hetero-
geneously to environmental drivers (Haddad et  al.,  2008; Hordley 
et al., 2021). Similarly, spatial heterogeneity in the landscape influ-
ences the degree of demographic synchrony among sites, where the 
impacts of regional drivers such as climate may interact with local 
habitat characteristics to generate spatial asynchrony in demog-
raphy (i.e., cross-scale interactions) (Heffernan et al., 2014). Taken 
together, we theorize that patterns of interspecific and spatial syn-
chrony are categorized into four scenarios (Figure 1), depending on 
whether synchrony or asynchrony occurs both interspecifically and 
spatially, or it occurs either interspecifically or spatially. The relative 
degree of interspecific and spatial synchrony has been little studied 
despite its importance in projecting community patterns and dy-
namics over space.

To understand patterns of interspecific and spatial synchrony 
in population dynamics we examined stream fish communities in 
the southeastern United States. While dispersal and biotic inter-
actions can be important drivers of synchrony, the abiotic envi-
ronment plays a key role in influencing fish demography (Beisner 
et al., 2006; Bond et al., 2015; Jackson et al., 2001). As ectotherms, 
fish physiology is closely tied to their abiotic environment, and 
variables such as water temperature can limit species' distributions 
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and vital rates (Little et al., 2020). For fishes that inhabit lotic en-
vironments (e.g., streams and rivers), like the species in this study, 
stream flow is considered a master variable for the ecological integ-
rity and structure of stream habitats (Poff et al., 1997). Stream flow 
has provided the evolutionary template to which fish life histories 
have diversified (Mims & Olden, 2012), and changes in flow mag-
nitude and timing can be physiologically stressful, and alter habi-
tat and distribution of food resources (Lytle & Poff, 2004; Poff & 
Ward, 1989). For example, high flows can be destructive by scour-
ing the streambed, and low flow periods during drought can result 
in the drying of habitats needed for fish to carry out their life histo-
ries and exacerbate the negative effects of high water temperature 
on fish physiology.

Here, we quantified the effects of abiotic drivers on interspe-
cific and spatial synchrony in bi-monthly survival for two stream 
fish communities in geographically close but isolated sites using 
mark-recapture methods. We first (1) tested for effects of environ-
mental drivers on temporal variation in survival, then (2) estimated 

the relative degree of synchrony among species within a community 
(i.e., interspecific) and spatial synchrony among sites, and (3) deter-
mined the contribution of environmental covariates to driving inter-
specific and spatial synchrony. We predicted there could be spatial 
synchrony in survival between the two streams if populations re-
sponded similarly to environmental conditions and that ecologically 
similar species within each stream would be more synchronous with 
one another.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

This study took place in Indian (34.741731° N, 82.849872° W) 
and Todd (34.749214° N, 82.813911° W) Creeks in the Clemson 
Experimental Forest, South Carolina, United States (Figure  2). 
Both are second-order streams and similar in stream size, but 

F I G U R E  1 Conceptual diagram depicting four potential patterns of interspecific and spatial synchrony/asynchrony for a given 
demographic parameter. (a) Scenario 1. Interspecific and spatial synchrony where a demographic parameter is synchronous among species 
within a community and also for species' populations between sites. (b) Scenario 2. Interspecific synchrony and spatial asynchrony where 
a demographic parameter is synchronous among species within a community but asynchronous for species' populations between sites. 
(c) Scenario 3. Interspecific asynchrony and spatial synchrony where a demographic parameter is asynchronous over time among species 
within a community but synchronous for species' populations between sites. (d) Scenario 4. Interspecific and spatial asynchrony where a 
demographic parameter is asynchronous among species within a community and also for species' populations between sites.
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Indian Creek (mean wetted width = 2.6 m; range = 0.7–6.2 m) 
has a forested riparian zone whereas Todd Creek (mean wetted 
width = 3.3 m; range = 1.4–7.0 m), located in a power-line corridor, 
has an open canopy. Both streams are located in the same wa-
tershed and are approximately 3 km apart in Euclidean distance. 
Additionally, these two streams flow into a reservoir and are not 
directly connected to each other so dispersal between these 
two study sites is not possible (Figure 2). Target species included 
bluehead chub (Nocomis leptocephalus), creek chub (Semotilus 
atromaculatus), and striped jumprock (Moxostoma rupicartes). All 
three species have been classified as coolwater species in exist-
ing literature (Lyons et  al.,  2009; Myers et  al.,  2017), however, 
striped jumprock and creek chub have also been documented in 
both cool- and warm-water streams (Nelson et  al.,  2021; Tracy 
et  al.,  2013) suggesting that they may have a wider thermal tol-
erance. Coolwater species tend to have a summer thermal range 
of 21–24°C (Beauchene et al., 2014; Lyons et al., 2009; McKenna 
Jr et  al.,  2010). These three species are more abundant in pool 
and run habitats, with bluehead chub and striped jumprock being 
more abundant in mid-sized streams and are fluvial specialists 
(Freeman & Marcinek, 2006). Creek chubs are habitat generalists 
and are tolerant of a wide range of flows (Kanno & Vokoun, 2010). 
While little is published about the ecology of striped jumprock, 
they have a subterminal sucker mouth characteristic of their taxo-
nomic family Catostomidae and attain the largest body size of the 
three species included in this study (Rohde et al., 2009). Bluehead 

chub and creek chub (Family Leuciscidae) are taxonomically and 
ecologically similar to one another in terms of diet (opportunistic 
generalists that consume aquatic plants and a diversity of inver-
tebrates), and body morphology (Rohde et al., 2009). These three 
species also overlap in reproductive timing (March–June) where 
striped jumprock has been observed to spawn first, followed 
closely by creek chub and bluehead chub (Kim & Kanno, 2020).

Given the close proximity of our study sites, we predicted 
there could be spatial synchrony in survival between the two 
streams if species respond similar to climatic drivers. However, 
given that these sites are also isolated and lack dispersal, it is pos-
sible that asynchronous dynamics may also occur. For interspe-
cific synchrony, if water temperature was an important driver of 
synchrony then we expected more synchronous responses among 
species due to this variable's importance to fish physiology (Kanno 
et al., 2023). In contrast, if flow metrics were more important to 
synchrony then we expected more asynchronous responses since 
our community harbors a combination of fluvial specialists and 
generalists.

2.2  |  Sampling methods

A bi-monthly mark-recapture survey was conducted in two streams 
from November 2015 to March 2018 for a total of 15 sampling oc-
casions. Streams were divided into 20 m sections with 26 sections 

F I G U R E  2 Study area map of Indian and Todd Creeks in Clemson, South Carolina, USA. Shaded gray areas represent forested land, black 
areas represent water bodies, and white areas are developed land and roads.
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in Todd Creek (520 m) and 37 sections in Indian (740 m). Indian 
Creek had a longer study area to increase sample size given its 
lower fish density. These 20 m sections were sampled using pulsed-
DC backpack electrofishing with a Smith-Root LR-24 backpack unit 
(Smith-Root, Inc.) and a Halltech HT-2000 backpack unit (Halltech 
Aquatic Research, Inc.). A two-pass depletion approach was used 
to increase recaptures. That is, each section was sampled twice, re-
taining fish captured in the first pass in a bucket when the section 
was sampled for the second time. On the first sampling occasion, 
all captured fish were identified to species and measured (mm) and 
weighed (g). Fish ≥60 mm in total length were then tagged with 
8-mm passive integrated transponder (PIT) tags (Oregon RFID; or 
Biomark). Detailed PIT tag incision protocols are described in Cary 
et al. (2017), and this previous study demonstrated that mortality 
and tag loss were negligible. On all subsequent occasions, the 20 m 
sections were sampled in a similar fashion where all captured fish 
were scanned with a handheld PIT tag reader (Avid PowerTracker 
7), and previously tagged individuals (recaptures) were recorded, 
and non-tagged fish were implanted with a PIT tag before they 
were returned to the section of capture alive. Field sampling was 
completed as quickly as possible to conform to the assumption of 
instantaneous sampling on each occasion (Kéry & Schaub, 2012). 
Sampling during each occasion was typically completed within a 
mean of 3 days (range = 1–10 days) in Indian Creek and within 4 days 
(range = 1–7 days) in Todd Creek. Intervals between sampling occa-
sions were a mean of 61 days (range = 48–70 days) in both Indian 
and Todd Creeks. If species lack site fidelity, then survival estimates 
will be biased lower (referred to as apparent survival) than the 
true survival (Schaub & Royle, 2014). These fish species have low 
probabilities of emigrating from our study area (Terui et al., 2021) 
based on the short movement distances compared to the length 
of our study area. Therefore, we assumed that apparent survival 
was nearly equivalent to true survival. Temperature and water 
level loggers were deployed in each stream and measured hourly 
temperature and daily water level (HOBO Onset Computer Corp, 
Model U20L-004). All fieldwork was conducted in accordance with 
protocols approved by the Clemson University Institutional Animal 
Care and Use Committee (IACUC Protocol Number 2014-047 and 
2017-039).

2.3  |  Statistical analysis

We developed Cormack-Jolly-Seber (CJS) models for three separate 
statistical analyses to first (1) identify environmental drivers of sur-
vival, then (2) to quantify the magnitude of interspecific and spatial 
synchrony in survival, and finally (3) to estimate the contributions of 
the most supported environmental drivers to synchrony. Data for 
statistical analyses consisted of a capture history for each individual 
and occasion. Capture histories of all individuals (i), across sampling 
occasions (t) were created as a two-dimensional array, yi,t, where 1 s 
represent captures and 0 s for non-captures for each individual and 
occasion.

2.4  |  Environmental drivers of survival

To identify environmental drivers of survival, we followed Kéry and 
Schaub (2012) and fit multispecies CJS models in each creek repre-
senting an ecological process (Equations 1 and 2) and observation 
process (Equation 3).

Where the inverse-logit transformation of μj(i) represents the 
overall mean bi-monthly survival rate for species j to which individ-
ual i belongs to, β j(i) represents the effect size of covariate x for each 
species j(i). Φi,t refers to the bi-monthly survival rate of individual i on 
a given occasion t. Survival was modeled conditional on the latent 
state of individual i on the immediately previous occasion 
(Equation 1), so that a dead individual (zi,t = 0) remained dead and a 
live individual (zi,t = 1) would survive to the next occasion with a 
probability of Φi,t. Recapture probability was modeled to vary by oc-
casion (t) and species ( j). To account for different intervals between 
sampling occasions, we standardized survival to 60 days using Φ

60

n.days

i,t
, 

where n.days refers to the number of days between the median sam-
pling day of one occasion and that of the following occasion. Todd 
and Indian Creek datasets were analyzed separately for this part of 
the analysis in case different covariates were affecting survival in 
each stream.

Five environmental covariates were considered to determine 
which covariates were most important to variation in bi-monthly 
survival. These covariates included the maximum and mean daily 
water temperature, and the mean, max, and minimum daily water 
level for each interval between sampling occasions. Water level was 
used as a metric for stream flow. We summarized these covariates 
from the hourly water temperature and daily water level logger data. 
To be consistent with the water level time interval we calculated 
mean daily water temperature for each day of data. We considered 
both the mean and extremes (maximum and/or minimum) of these 
covariates to account for any influence of potential outliers since 
the magnitude of both temperature and flow metrics can influence 
fish demography (Little et  al.,  2020; Poff & Ward,  1989). We cal-
culated pairwise Pearson's r correlation coefficients to check for 
correlation among environmental covariates, and covariates with 
strong correlation (Pearson's r > .50) were excluded from analyses 
(Dormann et  al.,  2012). In both streams, maximum temperature 
was highly correlated with mean temperature (Pearson's r > .90), 
and maximum and minimum water level was highly correlated with 
mean water level (Pearson's r > .50); therefore, we excluded the 
maximum temperature, and maximum and minimum water level 
covariates and retained two covariates: mean water temperature, 
and mean water level (Supporting Information S1, Figure S1). Water 
temperature and water level covariates were standardized by the 
mean divided by standard deviation prior to analysis. In the end, 

(1)zi,t+1 ∣ zi,t ∼ Bernoulli
(

zi,tΦi,t

)

,

(2)logit
[

Φi,t

]

= �j(i) + � j(i)xt

(3)yi,t ∣ zi,t ∼ Bernoulli
(

zi,tpi,t
)

,
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three models (a model for each covariate and a null model that was 
intercept only) were constructed using Equation  2 and compared 
for Todd and Indian Creek datasets (6 models in total). Models were 
ranked by Deviance Information Criterion (DIC), a Bayesian analogue 
to AIC (Spiegelhalter et al., 2002). DIC was calculated in the jagsUI 
package and the lowest DIC value represented the most supported 
model of those that were considered. We also checked for statistical 
significance of covariate effect sizes for each species and stream. 
Covariates to survival were considered significant if their 95% cred-
ible interval (CRI) did not overlap 0.

2.5  |  Estimating interspecific and spatial synchrony

Next, we combined capture histories for all species in both 
streams in a single model to quantify the magnitude of interspe-
cific and spatial synchrony in survival using four random effects 
(Equation  4), where �1t was the random effect to estimate the 
temporal variance common to all species in both streams, �2j(i),t to 
estimate the temporal variance unique to each species, �3s(i),t to 
estimate the temporal variance unique to each stream (s(i)), and 
�4j(i),t,s(i) to estimate the temporal variance unique to each com-
bination of species and stream. These four random effects were 
sampled from a normal distribution with a mean of 0 and vari-
ances,�2

t
,�2

j
, �2

s
, �2

j,s
, respectively.

We used two different approaches to quantify the amount of in-
terspecific and spatial synchrony in our system. First, we calculated 
an intra-class correlation coefficient (ICC), described in Grosbois 
et al.  (2009) and Lahoz-Monfort et al.  (2011). ICC estimates repre-
sent the synchrony of a given species with the rest of the species for 
each stream community:

ICCs quantify synchrony as a proportion of shared variance 
(�2

t
+ �2

j
+ �2

s
) to total variance (�2

t
+ �2

j
+ �2

s
+ �2

j,s
) for a given com-

bination of species and stream (Equation 5). ICC values range from 
0 to 1 and we assessed interspecific synchrony where values closer 
to 0 indicate low synchrony for a given species with the rest of the 
community, and values closer to 1 indicate high synchrony. We esti-
mated a total of six ICC values, one for each species in each stream. 
To assess spatial synchrony, we compared these ICC values across 
streams, and if streams had different ICC results we interpreted 
this as potential evidence of spatial asynchrony. For our second 
approach we used Pearson's r correlations of bi-monthly survival 
estimates from Equation  4 for each pairwise species comparison 
within and between streams to further assess interspecific and 
spatial synchrony. While ICC provides an estimate of synchrony, it 
characterizes the variation in a species' survival in comparison to the 
shared variance (i.e., with the rest of the community). We were also 

interested in synchrony among pairwise species comparisons both 
within and between these two communities to better understand 
which species had more similar and/or different survival patterns 
with one another. These two approaches taken together provided 
multiple lines of evidence for interpreting synchrony patterns.

2.6  |  Contributions of environmental drivers 
to synchrony

To estimate the contributions of environmental drivers to synchrony, 
the most supported environmental covariate from Equation 2 identi-
fied by model selection (i.e., the model with the lowest DIC value) 
was then incorporated into the random effects model described in 
Equation 4. This new model with both random effects and the envi-
ronmental covariate (�xt) is described in Equation 6.

We averaged this covariate (xt) across both streams for each oc-
casion since the same covariate affected survival in both streams 
(see results section). We estimated the synchronous variance ex-
plained by the top covariate (�2

cov
) by calculating the variance in a 

vector of the product of the covariate effect size (�) multiplied by 
each occasion's covariate value (xt) following the methods detailed 
in Nakagawa and Schielzeth  (2013) and Ghislain et  al.  (2022). We 
then calculated the proportion of synchronous variation accounted 
for by the covariate using the overall variance term (�2

t
) estimated in 

Equation 5 and the temperature variance term (�2
cov
) described above 

as �2
cov

�2cov + �2
t

. We also compared DIC values between the two models 
from Equation 4: Model Φ(�1 + �2 + �3 + �4 ) and Equation 6: Model 
Φ(cov + �1 + �2 + �3 + �4) as further evidence for whether environ-
mental covariates influenced synchrony. Finally, to assess model fit, 
we also ran an intercept only model (i.e., without random effects 
or covariates) and compared the DIC of this intercept model to the 
DIC values of Equations 4 and 6 models. If the intercept model had 
a higher DIC value than Equations 4 and 6, then we interpreted that 
the random effects and covariates improved model fit.

2.7  |  Model fitting

CJS models were fit with the jagsUI package (Kellner, 2014) from pro-
gram R (R Core Development Team, 2022). Posterior distributions 
of model parameters were estimated using diffuse priors (Table S1) 
and by taking every 10th sample from 250,000 iterations after dis-
carding 10,000 burn-in iterations for three Markov Monte Carlo 
chains for the Equation 2 models. Synchrony models (Equations 4 
and 6) were run longer with 600,000 iterations and 100,000 burn-in. 
Model convergence was checked by visually examining plots of the 
Markov chains for adequate mixture and ensuring that the potential 
scale reduction factor value was less than 1.1 for all model param-
eters (Gelman & Hill, 2007). Example JAGS code for survival models 
can be found in Supporting Information S3.

(4)logit
[

Φi,t

]

= �j(i),s(i) + �1t + �2j(i),t + �3s(i),t + �4j(i),t,s(i)

(5)ICC =
�2
t
+�2

j
+�2

s

�2
t
+ �2

j
+ �2

s
+ �2

j,s

(6)logit
[

Φi,t

]

= �j(i),s(i) + �xt + �1t + �2j(i),t + �3s(i),t + �4j(i),t,s(i)
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3  |  RESULTS

3.1  |  Species' survival summary

Over the 28-month study period, 1337 unique individuals ≥60 mm 
were tagged in Indian Creek and 4442 in Todd Creek (Table S2). Creek 
chub had the greatest number of individuals in Indian Creek (50% of 
total tagged) whereas bluehead chub made up the majority of tagged 
individuals in Todd Creek (81% of total tagged). More creek chub (664 
vs. 195) were tagged in Indian Creek and more striped jumprock and 
bluehead chub (639 vs. 244; 3608 vs. 429) were tagged in Todd Creek. 
Average daily temperature was similar for both sites (Pearson's r = .99, 
p < .05), (Indian Creek, mean = 15.2°C, range = 1.4–23.6°C; Todd Creek, 
mean = 15.8°C, range = 0.7–25.6°C) (Figure  3), but differences in 
stream temperature were greatest during July-Sept 2016 where Todd 
Creek was 2.1°C warmer compared to Indian Creek. Water level was 
correlated over time between streams (Pearson's r = .81, p < .05) but 
we observed some differences where average water level was lower 
in Indian Creek (mean = 17 cm; range = 14–28 cm) compared to Todd 
Creek (mean = 26 cm; range = 20–54 cm; Figure 3). Todd Creek had a 
greater magnitude in peak flow after winter precipitation events rela-
tive to fall and summer.

Recapture probabilities varied across species and occasions 
(range = 0.18–0.53, Figure  S2). Survival differed greatly by time, 
stream, and species (range = 0.07–0.96), where survival was lower 
in late summer (July–September; Figure  4). Between July and 
September 2016, fish survival in Todd Creek was much lower than 
Indian Creek where we observed a survival range of 0.07–0.48 in 
Todd Creek compared to a range of 0.73–0.86 in Indian Creek for 
the same occasion.

3.2  |  Environmental drivers of survival

Model selection results showed that mean water temperature nega-
tively affected survival in each stream (Table S3). In Indian Creek, 
survival decreased with mean water temperature for bluehead chub 
(effect size = −0.54, 95% CRI = −0.72 to −0.34), creek chub (effect 
size = −0.37; 95% CRI = −0.56 to −0.17), and striped jumprock (ef-
fect size = −0.49; 95% CRI = −0.86 to −0.11; Table S4). Todd Creek 
had larger significant effect sizes of mean water temperature on 
survival relative to Indian Creek for bluehead chub and creek chub. 
Survival decreased with mean temperature for bluehead chub (ef-
fect size = −0.82, 95% CRI = −0.98 to −0.62) and creek chub (effect 
size = −0.71, 95% CRI = −1.20 to −0.10) present in Todd Creek, and 
was non-significant (95% CRI overlapped 0) for striped jumprock 
(Table  S4). Mean water level was less supported by model selec-
tion (Table S3), and statistically significant for only bluehead chub 
in Indian (effect size = 0.47, 95% CRI = 0.22 to 0.71) and Todd Creeks 
(effect size = 0.19, 95% CRI = 0.04 to 0.37) where survival increased 
with higher mean water level. Mean water level was non-significant 
for creek chub and striped jumprock in both streams.

3.3  |  Interspecific and spatial synchrony

Intra-class and Pearson's correlation coefficients revealed that the two 
streams had different synchrony patterns. Intra-class correlation co-
efficients (ICC) ranged from 0.58 to 0.74 (mean ICC = 0.63) in Indian 
Creek and 0.66–0.84 (mean ICC = 0.74) in Todd, suggesting lower inter-
specific synchrony among species in Indian Creek compared to those 
in Todd Creek (Table  1). However, ICC 95% credible intervals were 

F I G U R E  3 Mean daily temperature (°C) from November 2016 to March 2018 and water level (m) from January 2016 to March 2018 for 
Todd and Indian Creeks.
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wide, particularly in Indian Creek (range 0.18–0.96). Pearson's correla-
tion coefficients showed similar patterns to ICC results where Todd 
Creek had larger interspecific correlation values than Indian Creek. 
None of the interspecific correlation comparisons in Indian Creek were 
statistically significant (Pearson's r range = 0.30–0.41, p > .05; Table 2, 
Figure  S3). Pearson's correlations for species pairwise comparisons 
in Todd Creek were all significant with a range of 0.67–0.93 (Table 2, 
Figure S4). When examining spatial synchrony (i.e., comparing species 
across streams), all three possible species pairs had non-significant 
Pearson's r correlations (range = 0.04–0.30, Table  2) and illustrated 
spatial asynchrony in bi-monthly survival across the two streams 
(Figure S5). Taken together, our results most closely aligned with a sce-
nario with interspecific synchrony and spatial asynchrony (Figure 1b).

3.4  |  Contribution of environmental covariates 
to synchrony

We found support for mean temperature influencing synchrony 
across both streams. The proportion of synchronous variation 

accounted for by mean temperature was 0.49 (95% CRI = 0.04–0.95). 
Differences in DIC values between the two synchrony CJS models 
(Equations 4 and 6) provided additional evidence mean temperature 
contributed to synchrony in both streams. The synchrony model with 
mean temperature (Equation 6) had a lower DIC (DIC = 23,080) com-
pared with the model without covariates (Equation 4; DIC = 24,742) 
and the intercept model (DIC = 30,465) which suggests that including 
the four random effects and temperature covariate improved model 
fit. Synchrony model output (Equations 4 and 6) for all monitored 
parameters can be found in Supporting Information S2 (Table S5 and 
Table S6).

4  |  DISCUSSION

Understanding the degree of demographic variation has impor-
tant implications for the conservation and persistence of species 
and populations. Temporal variation in survival in these stream 
fish communities was best characterized by patterns of interspe-
cific synchrony and spatial asynchrony. Specifically, synchrony 

F I G U R E  4 Estimated apparent bi-monthly survival probability for the species present in Indian and Todd Creeks from model 
Φ(�1 + �2 + �3 + �4). Where “2016-01” represents the first bi-monthly occasion from November 2015 to January 2016. Point estimates are 
the mean of the MCMC posterior distribution samples for survival of each species. Vertical bars show 95% credible intervals.
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was significant in all pairwise species comparisons in Todd Creek, 
and spatial synchrony was weak (i.e., non-significant) despite 
geographic proximity of the two study streams (c.a. 3 km apart). 
Notably, the degree of interspecific synchrony varied between 
the two streams due in part to differences in summer water 
temperature regimes where habitat variation interacted with re-
gional climate drivers resulting in spatial asynchrony in survival. 
This suggests that fine-scale habitat variation can aid in buffer-
ing against negative effects of stressful environmental condi-
tions like warming water temperatures. Interspecific and spatial 
synchrony are rarely investigated simultaneously and this work 
provides important knowledge on how variation in environmental 
conditions can synchronize local communities as well as interact 
with local habitat to generate spatial variation in demography of 
the same species.

Bi-monthly survival was spatially asynchronous between our 
two study streams and these results contrasted with what is typ-
ically expected of spatial relationships of synchrony, where geo-
graphically close populations can exhibit synchronous dynamics 
(Lundberg et al., 2000; Ranta et al., 1995). However, we do note 
that while our sites were geographically close, they were also iso-
lated without possible dispersal. Asynchrony among geographically 
close but isolated sites can arise due to differences in population 
characteristics like local adaptation to habitat variation (Hilborn 
et al., 2003; Rogers & Schindler, 2008). Despite close geographical 
proximity and similar stream size and trends in patterns of water 
temperature and level over time, the two study streams differed 
in habitat characteristics, particularly riparian deforestation in 
Todd Creek compared to the well forested Indian Creek. This lack 
of riparian cover in Todd Creek likely resulted in higher summer 

TA B L E  1 Intra-class correlation coefficients (ICC, 95% CRI) for each species in each stream for Equation 4, Model Φ(�1 + �2 + �3 + �4), 
and derived covariate variance (�2

cov
) for Equation 6, Model Φ(cov + �1 + �2 + �3 + �4).

�
2

t
�
2
s

�
2

j
�
2

j,s
ICC

Within & among stream synchrony: Model Φ (�1 + �2 + �3 + �4 ) 0.60 0.64 (�2
Indian

) 0.42 (�2
BHC

) 1.33 (�2
BHC,Indian

) 0.58 (0.18, 0.96)

1.08 (�2
Todd

) 0.44 (�2
CRC

) 0.60 (�2
CRC,Indian

) 0.74 (0.40, 0.98)

0.80 (�2
STJ

) 1.50 (�2
STJ,Indian

) 0.59 (0.24, 0.96)

0.42 (�2
BHC,Todd

) 0.84 (0.57, 0.99)

1.28 (�2
CRC,Todd

) 0.66 (0.28, 0.98)

0.98 (�2
STJ,Todd

) 0.73 (0.42, 0.98)

Contribution of covariate to synchrony: Model 
Φ(cov + �1 + �2 + �3 + �4)

0.41 0.79 (�2
Indian

) 0.33 (�2
BHC

) 1.14 (�2
BHC,Indian

)

0.81 (�2
Todd

) 0.49 (�2
CRC

) 0.89 (�2
CRC, Indian

)

0.78 (�2
STJ

) 1.37 (�2
STJ,Indian

)

0.36 (�2
BHC,Todd

)

1.09 (�2
CRC,Todd

)

1.07 (�2
STJ,Todd

)

Derived covariate variance: �2
cov

 = 0.60

Note: Estimated random effect variances (𝜎2) for each random effect term are reported for both Equations 4 and 6 models.

Species pair Correlation p-value Species pair Correlation p-value

(a) Indian creek (b) Todd creek

BHC versus CRC 0.41 .14 BHC versus CRC 0.93 <.005

BHC versus STJ 0.32 .26 BHC versus STJ 0.85 <.005

CRC versus STJ 0.30 .29 CRC versus STJ 0.67 .008

(c) Between sites

BHCIndian versus 
BHCTodd

0.30 .28

CRCIndian versus 
CRCTodd

0.09 .75

STJIndian versus 
STJTodd

0.04 .88

Note: Survival estimates from model Φ (�1 + �2 + �3 + �4 ). Significant correlations (p < .05) are 
in bold.

TA B L E  2 Pearson's r correlations 
between bi-monthly survival estimates 
for bluehead chub (BHC), creek chub 
(CRC), striped jumprock (STJ) for pairwise 
comparisons among species in (a) Indian 
Creek, (b) Todd Creek, and (c) between 
streams.
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water temperatures (Danehy et  al.,  2005), and different survival 
patterns between the two streams. Water temperature negatively 
affected species' survival in both streams, but the magnitude of 
this effect was much stronger in Todd relative to Indian. Notably, 
survival between July and September 2016 differed markedly be-
tween the two streams, and water temperatures differed most in 
summer 2016 (~2°C difference) relative to 2017 (~1°C difference). 
Our data suggest climate drivers such as air temperature inter-
acted with local-scale conditions (i.e., riparian condition) to gener-
ate spatial asynchrony in demography, observed similarly in other 
taxa such as amphibians (Cayuela et  al.,  2016). Recent advances 
in macrosystems ecology have identified how multiscale systems, 
such as riverine networks, can drive the community patterns and 
processes (Heffernan et al., 2014). Riverine habitat characteristics 
such as substrate size and channel morphology change from up-
stream to downstream (Vannote et  al., 1980), and this longitudi-
nal shift is attributed to provide a broad-scale template of spatial 
heterogeneity on which cross-scale interactions between local 
(e.g., habitat) and regional drivers (e.g., climate) occur in riverine 
networks (Heffernan et al., 2014) to generate biocomplexity and 
influence population dynamics. Our study shows that fine-scale 
interactions also occur due to differences in stream habitat quality 
and we think this is the more likely explanation for observed dif-
ferences in survival patterns between the two streams rather than 
local adaptation.

The degree of interspecific synchrony also differed between 
the two streams. It is particularly notable that high synchrony in 
Todd Creek was created by high summer mortality rates across 
species, particularly in 2016 when summer temperatures differed 
more between the two streams than 2017. This result shows 
that climate variables like temperature was magnified (Stenseth 
et al., 2004) by an anthropogenic habitat alteration (i.e., riparian 
deforestation). Stream temperature is a major factor that struc-
tures fish communities (Jackson et al., 2001) and communities may 
shift readily along a narrow thermal gradient. Coolwater commu-
nities, to which some of our study species belong, occupy streams 
with summer temperatures ranging up to 21–24°C (Beauchene 
et  al.,  2014; Lyons et  al.,  2009; McKenna Jr et  al.,  2010). Mean 
daily temperatures between July and September 2016 were just 
at this upper threshold in Todd Creek (24°C) and approached it in 
Indian Creek (22°C). Although seemingly small, the difference in 
summer temperatures between the two streams would be suffi-
cient to trigger spatially heterogeneous patterns of fish survival. 
Finally, water level was less important to variation in survival over 
time except for bluehead chub, which had higher survival during 
periods of higher flows, likely due to this species being a fluvial 
specialist.

Studies have also linked interspecific synchrony to the biolog-
ical characteristics of species, where functionally similar (e.g., life 
history strategies or morphology) species exhibit similar popula-
tion dynamics (Kanno et  al., 2023; Rocha et  al.,  2011; Tedesco & 
Hugueny,  2006). The moderate to high interspecific synchrony 

observed in our study streams could be due to the sensitivity of fish 
physiology to warmer water temperatures. Additionally, taxonomic 
similarities may account for the high synchrony observed between 
bluehead chub and creek chub. Perhaps we would have observed 
more interspecific asynchrony if we had higher ecological trait di-
versity in our sites. Furthermore, the southeastern United States has 
higher proportions of small-bodied species with opportunistic life 
history traits (e.g., short generation time, high reproductive effort; 
Winemiller,  2005). While this region experiences high community 
turnover due to having more dynamic habitats (e.g., a more variable 
flow regime), opportunistic life history traits allows these species to 
quickly recover (Grossman et al., 1990; Mims & Olden, 2012). In ad-
dition, our study duration was short (~28 months) and community 
turnover (thus more asynchronous demography) may have been re-
vealed over a longer temporal extent.

Identifying key environmental drivers of low survival within 
the annual cycle provides important knowledge for the conser-
vation of species. A likely consequence of global change is an in-
crease in the occurrence of extreme climatic events (Easterling 
et al., 2000). We observed that physiologically stressful events, 
such as high water temperatures, have the potential to synchro-
nize whole communities. Ecological theory predicts that commu-
nities exist in a “loose equilibrium” state meaning while stochastic 
environmental events can alter population vital rates or trends, 
they will eventually return back to average condition (Matthews 
et  al.,  2013; Matthews & Marsh-Matthews, 2016). While popu-
lations may tolerate one event like this, sustained and frequent 
extreme events (within and/or among years), could negatively 
impact the population dynamics and persistence of short-lived 
species', like those included in our study and may put these com-
munities at risk of losing their resiliency to recover back to this 
average condition. Spatial asynchrony in survival among popula-
tions of the same species can decrease extinction risk (e.g., me-
ta-population persistence) and asynchrony among species within 
communities can facilitate species coexistence and relax inter-
specific competition over food resources or space (Siepielski  & 
McPeek, 2010). Furthermore, our data suggest that spatial asyn-
chrony likely occurred due to fine-scale habitat differences (i.e., 
riparian cover in Indian Creek) that buffered against high water 
temperatures. This shows that some sites may be more resilient 
in the face of environmental change relative to others and this 
modeling framework can aid in the identification of target sites 
for conservation.

Our modeling framework is widely applicable to animal com-
munities distributed in a landscape. Although we used an intensive 
mark-recapture approach to infer interspecific and spatial syn-
chrony in survival, other types of data such as abundance could 
also be used to partition temporal variation within and among com-
munities using a set of random effects. Such an approach would 
more readily make inferences across a greater number of species 
and sites but at the expense of detailed demographic information 
such as survival estimates. Additionally, characterizing population 
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trends over time can be challenging due to temporal and spatial 
stochasticity (Pregler et al., 2019) and our results have important 
implications for monitoring designs. For example, understanding 
the degree of correlation in species/population trends over time 
is important in deciding how many sites may be needed in mon-
itoring surveys to accurately characterize spatial heterogeneity. 
Overall, our data demonstrate sensitivity of aquatic ectotherms 
to warming and a unique insight gained by conducting mark-re-
capture studies at fine temporal scales (i.e., bi-monthly). Annual 
sampling, which is more typical in mark-recapture studies, cannot 
reveal seasonal patterns in demography, and this bottleneck pe-
riod would have otherwise been missed. More research is needed 
on patterns and drivers of demographic synchrony within and 
among animal communities, and filling this knowledge gap is par-
amount to projecting community shifts and informing biodiversity 
conservation.
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