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a b s t r a c t
Interspeciﬁc synchrony and trait-based differences between species are likely to be related to each other. Therefore, we investigated interspeciﬁc synchrony patterns in a ﬁsh community under prolonged drought conditions,
using a trait-based approach. We hypothesized that trait-similarity would predict interspeciﬁc synchrony among
ﬁsh populations. We also expected that a general synchronous pattern for the whole community would be high
during a severe drought context, indicating low stability. The study was conducted in a semi-arid reservoir between 2010 and 2017, which encompassed a ﬁve-year period of severe drought. We considered species differences in body length, gonadosomatic index, relative condition factor, and trophic level and found that
interspeciﬁc synchrony was negatively related to species differences in body length. This result can be related
to species requirements in terms of habitats and food resources. We also found a signiﬁcant level of
community-wide synchrony, with important implications for community stability during periods of prolonged
drought. In conclusion, our results indicated a strong effect of environmental ﬁltering in ﬁsh population dynamics
over time. We highlight the importance of a trait-based approach to shed light on understanding ecological processes driving population dynamics.
© 2021 Elsevier B.V. All rights reserved.
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Interspeciﬁc synchrony occurs when pairs of species exhibit similar
temporal dynamics in an ecosystem, providing important information
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(e.g., littoral zones) and less tolerant to changes in abiotic conditions
promoted by intense droughts (Chessman, 2013; Luiz et al., 2013).
Therefore, interspeciﬁc responses to environmental change are expected to be synchronized for similar-sized species (Chevalier et al.,
2014; Rocha et al., 2011).
Gonadosomatic index (GSI), the ratio between gonadal and total body
mass, is another important life-history trait (Brewer et al., 2008; Strange,
1996). This trait tends to be related to species reproductive strategies and
effort (Encina and Granado-Lorencio, 1997). Under limited availability of
reproduction habitats, species with similar reproductive strategies are expected to compete more, and an anti-synchrony dynamic may emerge
(Essington et al., 2000). On the other hand, the ﬁsh reproductive effort
is positively related to environmental suitability and resource availability
(De Carvalho et al., 2009; Siems and Sikes, 1998). For example, precipitation seems to be a major trigger of spawning in several ﬁsh species from
semi-arid reservoirs (Chellappa et al., 2009; de Lima Gurgel et al., 2011;
Soares de Araújo et al., 2013). This includes the migratory species that depend on seasonal hydrological regimes and may have their reproduction
effort stimulated by periods of higher precipitation (Agostinho et al.,
2004). Therefore, changes in rainfall drive population dynamics and can
synchronize species populations according to their reproductive strategies (Chessman, 2013).
Similarly, the relative condition factor (Kn) is a life-history trait often
used to represent the well-being of individuals and assumes that
heavier individuals for a given length have more reserves or are in better condition (see the formula in Table A.1; Bolger and Connolly, 1989;
Le Cren, 1951). Because this trait is positively related to ﬁtness and population growth in ﬁsh (Brosset et al., 2016; Kingsbury et al., 2020), it can
be used as a proxy for how ﬁsh populations respond to changes in environmental conditions or competitive pressure (Anene, 2005; Benejam
et al., 2009; Le Cren, 1951; Trindade-Santos et al., 2018; Weatherley,
1972). For example, if ﬁsh species are under food-limiting conditions,
this would decrease Kn and, thus, a compensatory-dynamic (anti-synchrony) should emerge to allow species coexistence (Matthews and
Marsh-Matthews, 2003; Thibaut et al., 2012). On the other hand, Kn
can be inﬂuenced by changes in abiotic conditions during drought,
such as conductivity and water level (Dicenzo et al., 1995; OlivaPaterna et al., 2003; dos Santos et al., 2004). Under this scenario, species
with similar Kn are expected to respond similarly to environmental
changes (Stevenson and Woods Jr, 2006).
Similarly, ecological traits are also associated with species performance because they reﬂect species niche (Frimpong and Angermeier,
2010). They represent the habitat and resource preferences of a species
and how it interacts with other species (Frimpong and Angermeier,
2010). Among ecological traits, the trophic level is a feeding trait that considers dietary preferences to determine its position in the food web and
has many morphological, energetic, and population implications (Froese
and Pauly, 2019). Fish species with the same feeding habits can compete
if food availability is low, and a compensatory dynamic among their populations should emerge to allow their coexistence (Thibaut et al., 2012).
However, it is expected that prolonged droughts can drive ﬁsh dynamics
according to their feeding traits and how they are adapted to changes in
abiotic conditions and food availability (Chessman, 2013). While omnivores, for example, tend to adjust their diet to available food, more
feeding-specialist species, e.g., insectivores, feed on organisms highly sensitive to loss of habitat complexity in the littoral zone (Anacléto et al.,
2018; Chessman, 2013). Therefore, population responses to resource
availability changes are expected to be synchronized for species with similar trophic levels.
Here we investigated interspeciﬁc synchrony patterns in a ﬁsh community under prolonged drought conditions using a trait-based approach.
Environmental ﬁltering is thought to have a strong role in driving population dynamics in aquatic organisms from semi-arid regions, where severe
droughts are frequent. Therefore, we hypothesized that trait-similarity
would predict interspeciﬁc synchrony. We expected that population
abundances of species with similar body length, GSI, Kn, and trophic

on population and community dynamics (McCann, 2000). Populations
varying similarly over time may indicate similar responses to changes
in environmental conditions. For example, population sizes of aquatic
organisms have been shown to ﬂuctuate similarly as a response to
changes in water temperature (Attrill and Power, 2002; Chevalier
et al., 2014; Garzke et al., 2015), water level, and turbidity (Rowe
et al., 2003). By contrast, populations may also alternate their sizes
over time (anti-synchrony) due to competitive interactions under
resource-limiting conditions (Chesson, 2000; Lepš et al., 2019; Loreau
and de Mazancourt, 2008). Analyzing general patterns in interspeciﬁc
synchrony within communities may help understand the stability and
persistence of local communities in ever-changing environments
(e.g., van Klink et al., 2019). This is because high levels of synchrony in
species responses to environmental changes are indicative of low community stability, which may increase extinction risk (Tredennick et al.,
2017; Viviani et al., 2019).
Prolonged droughts cause several environmental changes in aquatic
ecosystems. In tropical reservoirs, for example, droughts decrease water
level and increase water transparency and conductivity (Bouvy et al.,
2003; Matthews and Marsh-Matthews, 2003; Mosley, 2015). These abiotic conditions are key to resource and habitat availability for ﬁsh and
may inﬂuence population dynamics and community stability (Driver
and Hoeinghaus, 2016). Prolonged and severe droughts may increase
interspeciﬁc interactions, such as competition due to limited resources
(Matthews and Marsh-Matthews, 2003). However, in semi-arid regions
with seasonal water availability, several studies have reported environmental ﬁltering as the strongest process synchronizing temporal ﬂuctuation in several groups of organisms such as plants (Tredennick et al.,
2017; Xu et al., 2015) and mammals (Lima et al., 2002). Therefore, a
higher interspeciﬁc synchrony in population dynamics promoted by environmental ﬁlters can reduce community stability (Tredennick et al.,
2017).
Interspeciﬁc synchrony may be related to the ecological distance between species (Mönkkönen et al., 2017; Raimondo et al., 2004; Rocha
et al., 2011; van Klink et al., 2019). Species abundances are expected
to ﬂuctuate synchronically when species share traits related to similar
responses to changes in environmental conditions (Rocha et al., 2011).
However, when a disturbance reduces the amount of available resources or habitats, species should compete more intensely if they
share similar resource and habitat-use traits (Mönkkönen et al., 2017).
This should result in a compensatory dynamic (anti-synchrony) to
allow their coexistence (Lepš et al., 2019; Thibaut et al., 2012; van
Klink et al., 2019). Although testing for relationships between interspeciﬁc trait similarity and synchrony helps us to understand the role of
ecological mechanisms in population dynamics, such studies are still
scarce, especially for aquatic organisms. For example, current research
on phytoplankton found a negative relationship between interspeciﬁc
synchrony and functional distance (Rocha et al., 2011; Vergnon et al.,
2009; but see also da Silva et al., 2021), highlighting the importance of
environmental ﬁltering. However, little is known about how species
traits and ecological mechanisms can explain temporal ﬂuctuations in
populations of other aquatic organisms, such as ﬁsh.
Species life-history traits are associated with species growth and reproduction, which are related to how populations respond to environmental ﬁlters and biotic interactions (Matthews, 2012). In ﬁsh, body
length is an important trait determinant of ecological or physiological
performance and ﬁtness, affecting, among other things, metabolism, reproduction, mobility, and trophic interactions (Bonner, 2011; Cyr et al.,
1997; Peters, 1986). Populations of ﬁsh species with similar body
lengths can vary anti-synchronically in environments due to strong
competitive interactions (Gonzalez and Loreau, 2009; Persson, 1983).
However, in reservoirs from semi-arid regions, severe and prolonged
droughts can drive ﬁsh dynamics according to their resistance and
adaptability to changes in abiotic conditions, and species body length
is also intrinsically related to these aspects (Chessman, 2013). Small
ﬁshes, for example, are expected to be habitat and resource specialists
2
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two at the river mouth. These sites were chosen because they cover the
spatial heterogeneity of the study area. We used a standardized sampling method at each site, with 11 gillnets with the following mesh
sizes: 12, 15, 20, 25, 30, 35, 40, 45, 50, 60, and 70 mm between adjacent
knots. The length of each gillnet was 15 m and the height ranged from
1.8 to 2 m. Gillnets were deployed at 5:00 p.m. and inspected at 9:00
p.m. and 5:00 a.m. Each site was sampled once during the quarterly
sampling campaign. The sampling campaign lasted four nights, in
which two sites were sampled per night. Considering the selectivity of
gillnets, we acknowledge that some small-sized species might be
under-represented in the data set. All captured ﬁshes were identiﬁed
to species level, measured (standard length in mm, i.e. from the tip of
the snout to the base of the caudal peduncle), and weighed (nearest
g). Also, all individuals were dissected through a longitudinal incision
to identify the sex and reproductive stage. We determined the macroscopic maturation stage according to maturation scale adapted from
(Brown-Peterson et al., 2011). Individuals with their gonads in an immature stage were considered juveniles and ﬁsh in other stages were
considered adults. Only adult individuals had their gonads weighed.
We used pooled measurements from all sampling dates to
calculate the following species-speciﬁc traits: adult body length (BL),
gonadosomatic index (GSI) and relative condition factor (Kn), as described in Table A.1 and Table 1. Values of a fourth trait, trophic level,
were obtained from FishBase (Froese and Pauly, 2019). Because some
species were rare, it was not possible to robustly measure the parameters (i.e., the slope and intercept of the standard length and weight relationship - LWR) required to calculate the condition factor (Le Cren,
1951). Thus, we used the relative condition factor Kn (see the formula
in Table A.1). This trait allows calculating the condition factor of

level would vary synchronously over time as a response to changes in abiotic conditions during a severe drought. Additionally, we expected a high
level of community synchrony during a severe drought.
2. Methods
2.1. Study area
This study was developed in Santa Cruz Reservoir, located in the
Apodi-Mossoró River Basin, Rio Grande do Norte state, Brazil (05°45′45″
S and 37°48′00″ W; see Fig. A.1). Built in 2002, this is the largest reservoir
in this basin, with a water storage capacity of approximately 600 million
m3 and an approximate surface area of 3413.36 ha (SEMARH, 2016).
The main purpose of the reservoir is to control the ﬂoods of the ApodiMossoró River. The region has a tropical savanna climate Aw, according
to the Köppen-Geiger classiﬁcation (Rubel et al., 2017), with high evaporation rates, irregular annual rainfall ranges (from 240 to 1500 mm) and
mean annual temperature of 28 °C (Leal et al., 2005). A severe drought,
starting in 2011, caused a strong reduction in the water volume and, in
2016, the reservoir reached only 20% of its maximum capacity (HenrySilva et al., 2019; Fig. 1). With the decreases in precipitation and volume,
there were strong increases in conductivity and water transparency
(Fig. 1; for details on methods, see de Oliveira et al., 2018).
2.2. Fish sampling and ecological traits measurement
Fish sampling was conducted quarterly (February, May, August and
November) for eight years (from 2010 to 2017) at eight sampling sites:
two near the dam, two in the central part, two in the transition area, and

Fig. 1. Temporal variation of abiotic variables (precipitation, water volume, water conductivity, and transparency (Secchi depth)) during the study period (2010–2017) in Santa Cruz
Reservoir (Apodi/Mossoró River, Rio Grande do Norte, Brazil).
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Table 1
List of the 17 most abundant ﬁsh species from Santa Cruz Reservoir that were included in our analysis and their respective values for the traits: BL (standard length, in mm), GSI
(gonadosomatic index), Kn (relative condition factor), trophic level (TL), habitat preference (HP), trophic guild (TG), reproductive strategy (RS) and migratory behavior (Mig). Habitat
preference is classiﬁed in benthic (BE), pelagic (PE) and benthopelagic (BP). The trophic guild is classiﬁed in carcinophagous (Car – feed on shrimp), detritivorous (Det), omnivorous
(Omn), insectivorous (Ins), and piscivorous (Pis). The reproductive strategy is classiﬁed in equilibrium (E), opportunistic (O), and periodic (P). The traits TL, HP, TG, RS and Mig were extracted from the literature. N represents the number of individuals and “min-max” the minimum and maximum values for BL, GSI and Kn traits.
Species

BL

min-max

N

GSI

min-max

N

Kn

mix-max

N

TL

HP

TG

RS

Mig

Astyanax bimaculatus
Astyanax fasciatus
Cichla monoculus
Cichlasoma orientale
Crenicichla menezesi
Curimatella lepidura
Hoplias malabaricus
Hypostomus pusarum
Leporinus piau
Leporinus taeniatus
Loricariichthys derbyi
Moenkhausia costae
Moenkhausia dichroura
Plagioscion squamosissimus
Prochilodus brevis
Trachelyopterus galeatus
Triportheus signatus

65.4
70.1
224.1
96.8
115.8
112.5
260.6
179.0
203.3
155.6
201.8
52.2
63.3
190.3
230.3
160.8
159.1

47–105
57–89
72–387
51–124
78–189
71–198
169–395
90–287
73–275
93–193
148–244
44–66
50–97
72–395
116–335
105–300
67–219

757
17
54
11
78
998
195
406
147
13
42
749
1000
598
59
551
691

3.54
4.97
1.29
1.26
1.96
9.25
2.59
6.05
12.03
9.58
6.47
3.88
4.68
1.76
11.40
5.72
6.43

0.07–15.22
0.34–12.45
0.20–3.65
0.23–2.41
0.21–4.94
0.02–25.09
0.03–9.15
0.08–22.75
0.65–63.54
1.82–16.63
2.02–11.53
0.16–37.16
0.11–22.12
0.04–20.64
0.32–26.65
0.01–15.94
0.07–70.69

609
10
24
6
36
543
165
363
76
6
40
702
941
378
24
289
413

0.92
0.78
0.68
1.57
1.08
1.01
0.82
0.94
0.96
0.53
0.68
1.04
0.84
0.89
0.93
0.87
1.46

0.39–2.22
0.59–1.03
0.44–1.67
1.19–2.36
0.53–1.82
0.31–2.30
0.31–1.41
0.34–1.95
0.39–2.39
0.42–0.64
0.44–1.07
0.62–2.22
0.35–1.83
0.37–2.00
0.52–1.28
0.35–1.48
0.31–3.33

2061
86
225
41
204
2156
622
1385
301
28
88
1321
3211
1539
179
798
1671

2.4
3.0
3.9
3.3
3.2
2.3
4.5
2.4
2.2
2.4
2.6
3.3
3.5
4.4
2.2
3.1
2.8

BP
BP
BP
BP
BP
BE
BE
BE
PE
BP
BE
BP
BP
BE
BE
BE
PE

Ins
Ins
Pis
Omn
Omn
Det
Pis
Det
Omn
Omn
Det
Ins
Ins
Car
Det
Ins
Ins

O
O
E
E
E
P
E
E
P
P
E
O
O
P
P
P
P

0
0
0
0
0
0
0
0
1
1
0
0
0
0
1
0
1

(Lepš et al., 2019; Pikovsky et al., 2001). We measured the ecological
distances between species as the pairwise Euclidean distances of each
trait separately (Petchey and Gaston, 2002).

sampled individuals using the population parameters, required in formula, extracted from literature. Therefore, the relative condition was
measured for all sampled individuals with species population parameters available in the FishBase database (Froese et al., 2014; Froese and
Pauly, 2019).
In order to offer complementary information about species habits
and preferences, we compiled data for other traits using the literature.
These traits were species habitat preference (FishBase; Froese and
Pauly, 2019), migratory behavior (dos Santos et al., 2017), reproductive
strategy (Winemiller, 1989; Winemiller and Rose, 1992), and trophic
guild (de Oliveira et al., 2018; Oliveira et al., 2016), see Table 1. The trophic guild was based on diet data for individuals sampled in Santa Cruz
Reservoir.

2.4. Data analysis
To test the hypothesis that trait-similarity predicts interspeciﬁc synchrony, we used quantile regression analyses (Koenker and Bassett Jr,
1978). The response variable was the Pearson correlation matrix and
the independent variable was the trait distance matrix. We ran three
separate quantile regression analyses, one for each trait (i.e., body
length, Kn, GSI, and trophic level), that included ﬁve different quantiles
(10th, 25th, 50th, 75th, 90th). The relationship between interspeciﬁc
synchrony and species trait-similarity is likely to be characterized by
more than one slope because different assumptions of linear regression
(mainly linearity and homoscedasticity) are not met (Vergnon et al.,
2009). The lack of a single linear relationship is because several environmental factors may affect the temporal variability of ﬁsh populations
(Hansen and Carey, 2015) and, consequently, the synchrony level between species.
Moreover, the effect of species trait-similarity may be more evident
in upper or lower limits of the relationship with ecological response variables such as species co-occurrence (Herrera, 2016; Mouchet et al.,
2013), species commonness (Mouillot et al., 2013), or even synchrony
(Vergnon et al., 2009). In short, traditional regression analyses, which
focus on the mean tendency, are problematic when heterogeneous variances are present, which is not the case with quantile regression (Cade
et al., 1999). Therefore, quantile regression is an appropriate tool to assess the boundaries of the relationship between synchrony and traitsimilarity, providing a more complete picture of this relationship
(Cade et al., 1999; Scharf et al., 1998).
We classiﬁed the relationship between interspeciﬁc synchrony and
trait-similarity according to the results of quantile regression analysis,
namely: strong, when more than half of quantiles tested were signiﬁcant; and weak, when less than half of quantiles tested were signiﬁcant;
and limiting, when only the most extreme quantiles were signiﬁcant
(Cade and Noon, 2003; Mims and Olden, 2012). We used the function
“rq” from the quantreg package (Koenker et al., 2019) to perform
quantile regression analyses. Signiﬁcance tests were based on
bootstrapping with 999 replications. For a graphical overview of the
methodological workﬂow, see Fig. 2. All analyses were obtained in the
R environment (version 3.6.1; Team, 2019).

2.3. Interspeciﬁc synchrony and trait distance
To obtain interspeciﬁc synchrony, we ﬁrst calculated the total
annual abundance (Nt), i.e., the sums of catches from the four samplings in the year. This procedure minimizes temporal autocorrelation problems and avoids seasonal effects. The data of the different
sites were pooled because we are interested in assessing general patterns for the ﬁsh community at the reservoir level. We excluded
Oreochromis niloticus from our analyses because it is farmed in
cages at the reservoir, often accidentally escaping. We also excluded
ﬁve species with very low abundances (less than ten individuals):
Astronotus ocellatus, Cichla sp., Pimelodella dorseyi, Psellogrammus
kennedyi, and Steindachnerina notonota. Therefore, we assessed the
temporal dynamics of 17 ﬁsh species among the 22 species found
in the reservoir. For each species, we regressed log (N t + 1) on
time (i.e., year of sampling) and extracted the residuals of this
model (Buonaccorsi et al., 2001). This procedure, called detrending,
considers the potential masking effects of directional trends in species abundances in detecting interspeciﬁc synchrony (Lepš et al.,
2019).
Using the matrix with the detrended time series of species abundances, we calculated a matrix of between-species synchrony using
the Pearson correlation coefﬁcient (r). Pearson correlation (r) is a robust
test to measure the level of synchrony, being frequently used in studies
with this goal (Lamontagne and Boutin, 2007; Lepš et al., 2019). The r
coefﬁcient ranges from −1 to 1, indicating perfect anti-synchrony and
synchrony, respectively. An r tending of 0 indicates a balance of negative
and positive correlations between (detrended) abundance time series
4
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To explore the ﬁsh community stability under a severe drought context, we calculated the measure of community-wide synchrony φ
(Loreau and de Mazancourt, 2008). We used the following equation to
calculate φ values:

4. Discussion
Abundances of similar-sized species tended to vary synchronously in
our study system. Body length is commonly linked to ﬁsh life-history
strategies and ecological preferences that reﬂect how populations respond to abiotic conditions (Peters, 1986). In Santa Cruz Reservoir,
Prochilodus brevis, Triportheus signatus, Trachelyopterus galeatus,
Leporinus taeniatus, and Leporinus piau are similar-sized species that
showed high interspeciﬁc synchrony (see Fig. 3). These species also
share other life-history traits such as high fecundity, longevity, and
age at maturity (i.e., periodic strategists; (Meador and Brown, 2015;
Winemiller and Rose, 1992). Besides, larger species occurring in the reservoir have ecological preferences, such as diet (i.e., detritivory,
piscivory, and omnivory), that are favoured during drought conditions.
This contributes to the high similarity in the temporal dynamics for
these species in the reservoir.
More speciﬁcally, detritivorous species (Hypostomun pusarum,
Loricariichthys derbyi, and P. brevis) beneﬁt from a more nutritious sediment in the bottom water due to greater deposition rates of dissolved
organic matter during severe droughts (Mosley, 2015). Piscivorous
and omnivorous species are also likely to thrive during droughts. For example, with the reduction in water level and turbidity, Hoplias
malabaricus is more successful in capturing prey due to increased visibility and the chance of predator-prey encounters (Bonner and Wilde,
2002; Rowe et al., 2003; Tejerina-Garro et al., 1998). Also, the dietary
ﬂexibility of omnivores allows them to adapt to shift to the available
food during droughts (Chessman, 2013). Thus, different strategies to
positively cope with drought conditions may also explain the high synchrony between species with distinct diet preferences. Within this context, we can highlight the following pairs of species with highly
synchronized dynamics: P. brevis (detritivorous) and Leporinus piau
(omnivorous), and P. brevis and H. malabaricus (piscivorous).
Fish body length is also related to habitat preferences. Small ﬁshes,
for example, tend to be shallow-water specialists (Meador and Brown,
2015), occurring preferentially in the littoral zones. This is because
this kind of habitat presents food resources and refuges against predators (Beauchamp et al., 1994; Santos et al., 2010). Thus, the decrease
in water level exposed the littoral habitats used by smaller ﬁshes, such


2
S
φ ¼ σ 2cT = Σi¼1 σ i

where the numerator is the variance at the community level (i.e., the
sum of all species abundances) and the denominator is the squared
sum of the standard deviations of all S individual species (i). This measure ranges from 0 (perfect anti-synchrony) to 1 (perfect synchrony).
We then compared the observed value with a null distribution of φ generated with 999 randomizations to test its statistical signiﬁcance. For
this, we used the “community.sync’ function from the “synchrony”
package, which tests community-wide synchrony via Monte Carlo randomizations (Gouhier and Guichard, 2014). To calculate φ values with
“community.sync”, we used the residual matrix (detrended data) as input and the Pearson coefﬁcient as the correlation method.

3. Results
Interspeciﬁc synchrony (r) ranged from −0.92 to 0.88. The species
pair with the highest value was Cichla monoculus and Loricariichthys
derbyi, while Leporinus taeniatus and Moenkhausia costae presented
the lowest value (Fig. 3 and Fig. A.2).
We found a strong negative relationship between synchrony and
dissimilarity in body length (Fig. 4a, Table A.2). By contrast, we did
not ﬁnd clear relationships between interspeciﬁc synchrony and species
similarity for gonadosomatic index, relative condition factor and trophic
level (Fig. 4b, c, and d, Table A.2). We observed a low level of
community-wide synchrony (φ = 0.14), but signiﬁcantly greater than
expected by chance (P = 0.03), indicating a non-perfect synchrony pattern in temporal ﬂuctuations of ﬁsh populations. We also found that the
total ﬁsh abundance was lower over years of intense drought, i.e., from
2011 to 2016 (Fig.A.3).

Fig. 2. Workﬂow of the data analyses. “Y” and “X” represent the procedure to generate the response and explanatory variables, respectively. These variables were used in a quantile
regression analysis. We conducted an analysis for each trait separately: body length, gonadosomatic index (GSI), relative condition factor (Kn), and trophic level. The initial community
matrix was composed of total annual abundance (Nt) and the second one by the residuals from a linear model between Nt and year (detrending). The trait vector represents each
quantitative trait analyzed.
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Fig. 3. Heatmap of synchrony values (Pearson's r) among the 17 ﬁsh species assessed in the present study. Species are ordered based on increasing body length (see Table S1).

and habitat structure caused by the prolonged drought. Although
drought conditions may increase competitive interactions between
ecologically similar ﬁshes (Cadotte and Tucker, 2017; Matthews and
Marsh-Matthews, 2003), compensatory dynamics seem to be

as Astyanax fasciatus and Moenkhausia dichroura. This may help explain
the high synchrony between their populations (see Fig. 3). Therefore,
patterns of interspeciﬁc synchrony, mediated by body size, in the
Santa Cruz Reservoir were likely driven by changes in abiotic conditions

Fig. 4. Quantile regression analyses between interspeciﬁc synchrony and species distance considering three traits: (a) body length, (b) gonadosomatic index (GSI), (c) the relative
condition factor (Kn), and (d) trophic level. Signiﬁcant quantiles for body length (90th, 75th, 50th) are shown. Each point corresponds to a species pair. n = 17 × 16/2 = 136 in each plot.
6

B.S. Rocha, E. García-Berthou, J.L.C. Novaes et al.

Science of the Total Environment 781 (2021) 146721

uncommon in our ﬁsh community (see also (Houlahan et al., 2007). This
indicates that competitive interactions are weak in the studied
reservoir.
Precipitation can synchronize the reproductive activity of several
species in semi-arid reservoirs (de L Gurgel et al., 2012; GurgelLourenço et al., 2015, p.; Soares de Araújo et al., 2013). However, species
with similar reproductive strategies and effort (i.e., GSI) were not synchronized, for example, M. costae and M. dichroura. Similarly, de O
Sousa et al. (2015) did not ﬁnd a relationship between reproduction effort, in some seasonal ﬁsh species, with changes in environmental conditions in Santa Cruz Reservoir. On the other hand, drought conditions
may similarly inﬂuence the dynamics of species that are similar in
terms of other reproductive traits, which were not evaluated in this
study. For example, Cichla monoculus and Loricariichthys derbyi were
the most synchronized, despite using different habitats and resources.
However, they exhibit parental care (Blumer, 1982), ensuring the offspring survival when predation risk increases with water transparency
during droughts. The same is true for most migratory species occurring
in reservoir: L. piau, P. brevis and T. signatus. These ecologically distinct
species are among the most synchronized in the reservoir (see Fig. 3).
These aspects should be investigated in more detail in future studies.
The prolonged drought seems to have affected ﬁsh welfare of most
species since the relative condition values were quite low (i.e., lower
than the average 1). This pattern suggests low environmental suitability
(e.g., poor water quality and low resource availability) during droughts
for the ﬁsh community in general (Benejam et al., 2008). Therefore, Kn
was not a good predictor for the different interspeciﬁc synchrony patterns found in the studied reservoir. Similarly, the trophic level was
not a good predictor of interspeciﬁc synchrony patterns for the ﬁsh
community. This ﬁnding might be related to the fact that this trait was
extracted from literature, and it is based on feeding habits (i.e., diet) of
ﬁshes from other regions and environmental contexts. For example,
Astianax bimaculatus and T. signatus had a low similarity in trophic
level, but both feed on insects in our study site (see Table 1). This reinforces that using traits measured in individuals sampled at the study site
may improve our ability to predict ecological patterns (Cano-Barbacil
et al., 2020). Additionally, most species have diets adapted to drought
(i.e., detritivorous, piscivorous, omnivorous), which makes it difﬁcult
to predict different patterns in interspeciﬁc synchrony.
We found a positive and signiﬁcant value of community-wide synchrony. Community synchrony is expected to decrease community stability (van Klink et al., 2019) and increase species extinction risks
(Palmqvist and Lundberg, 1998). Additionally, total ﬁsh abundance decreased during the years of intense drought. These two patterns suggest
that environmental changes caused by a prolonged and severe drought
negatively affected the ﬁsh community (Bond et al., 2008; Lennox et al.,
2019; Souza et al., 2017). Our ﬁndings are in line with other studies that
found low stability of ﬁsh communities during periods of prolonged
drought (de L Barbosa et al., 2012; Hershkovitz and Gasith, 2013;
Medeiros and Maltchik, 1999).

the impacts of droughts on interspeciﬁc synchrony and community stability in ecosystems that are less often subjected to this disturbance.
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APPENDIX A

Interspecific synchrony is related to body-length similarity in a fish community under
prolonged drought conditions
Barbbara da Silva Rocha1*, Emili García-Berthou2, José Luís Costa Novaes3, Luis Mauricio Bini1,
Marcus Vinicius Cianciaruso1

Fig. A.1. Map showing the location of Santa Cruz Reservoir in Apodi-Mossoró River (Rio

Grande do Norte, Brazil). The map represents the reservoir area before the severe drought.

Fig. A.2. Temporal fluctuation of detrended abundance (total annual abundance (Nt ~ Years,
see more details in the Methods section) for the 17 fish species analyzed in Santa Cruz
Reservoir (05º45'45'' S and 37º48'00'' W) from 2010 to 2017.

Fig. A.3. Total annual abundance (Nt) of fish species in the Santa Cruz Reservoir.

Table A.1 Fish trait description, computation, and ecological relevance
Trait

Trait Description

Body length

Mean standard length (SL)
of adult (1) individuals

Gonadosomatic
index

The mean percentage of
total body weight
(TW) dedicated
to
the gonad (GW) in adult
female individuals (1)

(GSI)

Calculation

A life-history trait related to
growth rate, trophic level,
foraging rate, and prey size
information (Peters, 1986; De
Roos, Persson & McCauley,
2003)

𝐺𝑊
100
𝑇𝑊

(2)

Relative
condition factor
(Kn)

Trophic level

The mean ratio of observed
mass
and
the
mass
predicted from the speciesspecific
mass-length
relationship. Value < 1
indicates fish with weight
below average
Value measured according
to items in species’ diet.
For fishes, it generally
ranges from 2 (e.g., the
detritivores) to 4.7 (e.g., the
piscivores)

Ecological Relevance

𝑇𝑊
𝑎 𝑆𝐿𝑏

It represents the energy
invested in reproduction and
population growth rate by the
species (Strange, 1996; Encina
& Granado-Lorencio, 1997;
Brewer, Rabeni & Papoulias,
2008)

A performance trait related to
individual
response
for
environmental suitability and
resource
availability
(Weatherley, 1972; Froese,
2006)

(3)
It represents the species
position in the food web
(Froese & Pauly, 2019)

(1) Individuals in the population that reached sexual maturity (mature gonads).
(2) GW is the gonad (ovary) weight (g).
(3) TW is the total fish weight (g) and b and a are, respectively, the slope and intercept of the length-weight
relationship (LWR) obtained from FishBase (Froese & Pauly, 2019).

Table A.2 Effect size, standard error (SE), t-value and p-value for quantile regression
analyses for the four traits. In the analyses, the response variable was represented by
Pearson correlation matrix (i.e., interspecific synchrony), and the independent variable was
the trait distance matrix (i.e., synchrony), for body length, GSI, Kn, and trophic level,
between species pairs. Values in bold are statistically significant.
Quantile

Body length

Gonadosomatic
index (GSI)

Relative condition
factor (Kn)

Trophic level

Effect Size

SE

t

P

10th

-0.011

0.016

-0.707

0.480

25th

-0.016

0.009

-1.829

0.069

50th

-0.025

0.007

3.587

0.000

75th

-0.026

0.010

-2.545

0.012

90th

-0.030

0.006

-4.853

0.000

10th

-0.028

0.021

-1.354

0.177

25th

-0.020

0.024

-0.831

0.407

50th

-0.006

0.016

-0.368

0.713

75th

-0.011

0.019

-0.606

0.545

90th

-0.030

0.020

-1.488

0.138

10th

-0.349

0.324

-1.077

0.238

25th

-0.211

0.207

-1.019

0.309

50th

-0.193

0.264

-0.734

0.463

75th

-0.037

0.277

-0.135

0.892

90th

-0.311

0.239

-1.297

0.196

10th

0.238

0.126

1.889

0.061

25th

0.107

0.105

1.023

0.308

50th

0.036

0.084

0.435

0.663

75th

-0.052

0.063

-0.832

0.406

90th

-0.101

0.064

-1576

0.117

