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We are living in a fast-changing world promoted by anthropogenic actions and

ecosystems’ functioning has been constantly changed. One example is the

globally reduction of river flow that can lead to more than 50% of the rivers and

streams around the world becoming intermittent. However, the relationship

between environmental changes and biological communities has been limited

to taxonomic approach, rather than the functional approach. Functional

structure determines how individuals interact with the environment and

evaluating the effects of hydrological changes in functional variation can

elucidate the responses of aquatic biota under climate changes. Thus, we

hypothesized that hydrological phases (dry, re-wetting and wet) would

influence both environmental conditions and fish composition

(i.e., taxonomic richness and functional structure) in one intermittent river. In

addition, we expected that: 1) fish assemblages will have higher values of

species richness and Functional Diversity indexes—Richness (FRic),

Dispersion (FDis), Specialization (FSpe), and Originality (FOri) in drier phases

(dry and re-wetting); and 2) higher values of Functional Diversity indexes related

to evenness (FEve) and divergence (FDiv) in the wet phase, due to the

predominance of species with high dispersal capacity when sites are

connected. Sampling was conducted in the Cruxati river during the three

hydrological phases along four sites (250 m each). Functional diversity

analysis, involving traits of dispersion, life history and trophic ecology were

used to apply Functional Diversity indexes. Indexes were compared from null

models and all species were ordered in a multidimensional functional space

using principal coordinate analysis (PCoA). In the dry phase, taxonomic richness

and FRic between communities is higher, as well as FSpe and FOri, showing that

each assemblage has unique characteristics with different strategies allowing

the establishment in this hydrological phase. However, communities are less

functionally dispersed. In the wet phase, when the river is connected, FDis

between communities is higher and species abundances are more equitable
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with regular distribution in the functional space. Therefore, we conclude that

local ecological processes (i.e., dynamics of hydrology) may promote the

establishment of species according to their functional traits and thereby the

functional structure of local assemblages.

KEYWORDS

functional diversity, climate changes, temporary streams, drying rivers networks,
semiarid climate

Introduction

Predicting the consequences of climate and hydrological

changes on biodiversity represents a primordial aim of modern

community ecology since global climate changes are bringing

unprecedented and extreme scenarios to the Neotropics (Pereira

et al., 2010). However, our ability to accurately predict future

changes has been limited by focusing on the taxonomic

approach, such as species richness, rather than the functional

approach, such as the life-history or habitat exploration traits of

species (Jarzyna and Jetz, 2016). The functional structure of a

community is defined as the distribution of species and their

abundances in the functional space (Mouillot et al., 2013),

considered as one better predictor of ecosystem functioning

when compared with species diversity (Mouillot et al., 2011;

Schmera et al., 2017). Because it is based on species traits, the

functional structure determines how individuals interact with the

environment (Violle et al., 2014) where groups of individuals with

certain combinations of physiological–ecological adaptations are

selected by the dynamics of local and regional environments

(Dézerald et al., 2015). Thus, considering the functional approach

in temporal studies can provide a more mechanistic relationship

between the consequences of climate and hydrological changes on

biodiversity patterns.

Functional diversity analyses should be approached as a tool

for understanding the functioning and structure of biological

communities, including stream fish (Manna et al., 2019).

Quantifying the functional structure of communities involves

the distribution of points (species) and their weights

(abundances) in one multidimensional Euclidean space

(Mouillot et al., 2013). From species distribution values, it is

possible to obtain indices that will indicate different facets of

functional diversity (Functional Richness—FRic, Functional

Evenness—FEve, Functional Divergence - FDiv, Functional

Dispersion—FDis, Functional Originality—FOri and Functional

Specialization—FSpe) (Teresa et al., 2021). As functional diversity

involves several complementary components, it is not possible to

summarize the patterns in a single number and a multifaceted

approach is needed (Villéger et al., 2008; Mouillot et al., 2013).

In aquatic systems, species distribution is strongly influenced

by physical variables that characterize different types of habitats

and hydrological regime that determine which species are prone to

local coexist based on their functional traits (Manna et al., 2017;

Manna et al., 2019; Rodrigues-Filho et al., 2020), especially for

aquatic organisms such as fish that have an exclusively aquatic life

cycle. The variability in local habitat conditions is striking drastic

in intermittent rivers, and ephemeral streams (IRES), where

streamflow ceases partially or completely at some point along

their course (Datry et al., 2017). When flow ceases most of the

reaches of the river can be completely dry or the remaining water

can form isolated pools where fishes and other taxa can be found

(Bonada et al., 2020). In isolated pools water temperatures are

higher, solute concentrations are incremented, and pH and

dissolved oxygen levels decrease (Boulton, 2003). These

conditions are considered important environmental filters for

fish species, selecting those having traits combinations with

fine-tuned adjustment to explore the local harsh conditions.

Specifically, small stream-lined fish species with high fecundity

and short reproductivity cycles can grow fast during dry phases

under favorable temporary conditions reaching larger population

density and body size by the end of floods with greater chances of

survival and dispersal under drought environmental conditions

(Junk et al., 1989; Pease et al., 2012). Indeed, fish species tend to

present specialized strategies to survive in dry phases, such as high

trophic variability (characin species; Manna et al., 2019) and high

fertility (killifishes; Rodrigues-Filho et al., 2020). On the other

hand, in wet phases the local sites become connected and thereby

allow species dispersal among them (Medeiros and Maltchik,

2001). As so, species with high dispersal capacity (greater size

and absence of parental care; Comte and Olden, 2018) tend to

become widely distributed among local communities, which in

turn would increase the functional evenness. Thus, morphology

and life-history traits strategies could therefore be expected to

reflect adaptations to highly variable and unpredictable

environments (Espírito-Santo et al., 2013; Borba et al., 2020).

Studies considering functional diversity on different spatial

scales are increasingly known, nonetheless studies addressing

temporal variation are still rare (Teresa et al., 2021; Vorste et al.,

2021). In this context, we aim to investigate taxonomic and

functional diversity responses of fish assemblage to temporal

dynamics of IRES Cruxati River in Brazilian semiarid, over three

years (2016–2018). For this purpose, we performed the

hypothesis that hydrological phases (dry, re-wetting and wet)

would influence both environmental conditions and fish

composition (i.e., taxonomic richness and functional

structure) of the IRES Cruxati River. We operationalize this

hypothesis by testing the following questions: 1) Do the local

environmental conditions of the IRES Cruxati River change over
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hydrological phases? 2) Do differences on taxonomic and

functional structures change over hydrological phases? We

expected to observe lower habitat availability and diversity in

drier phases (dry and re-wetting) than in the wet phase. In

addition, by assuming that fish fauna of naturally intermittent

systems has different adaptations to hydrological fluctuations

and local habitat variability (Rodrigues-Filho et al., 2020), we

expected that different functionally assemblages will have higher

values of species richness, FRic, FDis, FSpe, and FOri in drier

phases (dry and re-wetting) and higher values of FEve and FDiv

in the wet phase, due to the predominance of species with high

dispersal capacity when sites are connected.

Materials and methods

Study area

Cruxati River (−3.406150° S −39.740449° W) is one of the

main tributaries of the Mundaú River (about 20 m wide), it is one

of the principal rivers of the litoral hydrographic basin; a coastal

naturally intermittent basin that flows into the Atlantic Ocean. It

forms a dendritic network divided by 475 tributaries, draining

1,264.22 km2 (Figure 1) (Duarte et al., 2021). Considering the

distance from artificial barriers (nearest dam is ~16 km distant

from sampling sites) and capacity of dispersion by stream-

dwelling fish, species movement should not be affected. From

the 15 studied species, only two have migratory habits

(Steindachnerina notonota and Prochilodus brevis), the others

have potential to short movements (20-50 m), or displacement

limited to ~2 km (e.g., Mazzoni et al., 2018).

The catchment is located in a tropical semiarid climate zone

where the annual precipitation in headwaters is about 1,102.5 mm

and the mean annual temperature is 21.02°C, and downstream

average monthly temperatures are 35.09°C in the driest and hottest

period. The river flows four months a year (from March to June),

when the flow ceases, the river breaks up into isolated pools of

different sizes distributed along the dry bed. Some of these pools

(approximately 40%) remain with water during the rest of the year

while others dry completely, due to semiarid characteristics of soil

and vegetation which increases the loss of water by evaporation.

After rainy events the pools reconnect in the following year. From

headwater up to downstream there are three vegetation formations

(sensu Holdridge, 1947): 1) Most Forest in headwater from

windward located at the highest altitudes (>700 m asl); 2) Dry

Forest between 500 and 700 m asl; and 3) Very Dry Forest/

Woodland at lower altitudes.

Sampling design and data sampling

Brazilian semiarid IRES are characterized by the extremes of

flooding and total absence of water flow; this dynamic contributes

to the high degree of spatial and temporal habitat heterogeneity

(Maltchik and Medeiros, 2006). Due to the intermittent dynamics

(Figure 1), we divided hydrological cycle into three phases: 1) dry

(July-November), the flow of water ceases and river bed is

fragmented into pools characterizing the longest phase of the

hydrological cycle, it can last up to six months; 2) re-wetting

(December-February), the remaining pools starts to fill again in

the beginning of the rainy season; and 3) wet (March-June), river

flows after torrential rains. The durations of the hydrological phases

are not equitable, for this purpose we sampled twice as many times

during the dry phase, because it is the longest phase of the

hydrological cycle. In total, we sampled seventeen times between

June 2016 and June 2018 (four samples during wet phase, eight

samples during dry and five samples during re-wetting).

Samplings were performed in the middle reach of Cruxati River

in four sampling sites (A-D, Figure 1) with an extension of 250 m

each. In each sampling site were performed three sub-samples per

pool during the dry and re-wetting phase and ten sub-samples, 25 m

equidistant, during the wet phase (in the flowing river) (Figure 1),

totaling 182 sub-samples or assemblages including all three

hydrological phases. For each sub-sample, we obtained physical-

chemicals (temperature, dissolved oxygen, conductivity, pH,

turbidity, and salinity) and environmental (site structure and

substratum composition) data (Taylor and Lienesch, 1995;

Supplementary Table S1). These data were obtained three times

to posteriorly use an average for each variable. We collected physical

data with YSI Professional Plus Multiparameter Meter 7,000 and

with Digimed AP2000 portable turbidimeter. In the dry phase, the

volume of each pool was obtained through the multiplication of

length, average width, and depth (Hauer and Lamberti, 2011).

Fish were sampled using seine nets (3.5 × 2.5 m, mesh size

5 mm), castnets (2 m height, mesh size 15 mm) and dip net

(mesh size 5 mm). In each sub-sample, the nets were passed

twice, and at inaccessible places for the seine net it was used

castnet and dip net. After capture, fish were kept alive in a box

covered in a 3 mm screen and immersed in water. Then, fishes

were identified, counted, and returned to the water. Only

10 individuals of each species were euthanized in a solution of

Eugenol (diluted in 92.8° alcohol in a proportion of 1:10) at

300 mg/L (Vidal et al., 2008) and fixed in 10% formalin. In the

laboratory, the fish were preserved in 70% alcohol for further

measurements of morphological functional traits (see below).

Functional structure

To assess the functional structure of fish assemblages, we

selected 10 individuals of each species for all hydrological phases

of the river and measured 13 functional traits related to food

acquisition, dispersal, life history and trophic ecology

(Supplementary Table S2). Morphological traits were obtained

from ecomorphological measurements recorded using ImageJ

software (https://imagej.nih.gov/ij/index.html), calculated
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FIGURE 1
Methodological workflow to investigate the influence of hydrological phases (dry, re-wetting and wet) on environmental conditions and fish
composition (taxonomic and functional structure) of the IRES Cruxati River, Ceará, Brazil. Representations of functional indexes in biotic data are
adapted from Mouillot et al. (2013).
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according to Villéger et al. (2010). These measurements were

then combined into 10 ecomorphological traits that were

posteriorly centered to zero mean and unit standard deviation.

Traits of life history (reproductive tactics and hypoxia tolerance)

were obtained from the literature (Winemiller, 1991; Winemiller

and Rose, 1992) and data from Fishbase (http://www.fishbase.

org). Trophic traits were obtained through stomach analysis and

quantification of food items by the volumetric method (Hyslop,

1980).

To construct the multidimensional space, we performed a

principal coordinate analysis (PCoA) to reduce dimensionality

and plot the species according to their traits (Villéger et al., 2008).

Based on the protocol developed by Maire et al. (2015) to

determine the number of axes that guarantee a high-quality

functional space, we used the first four PCoA axes, using the

function “quality_funct_space” available on Villéger’s website

(http://villeger.sebastien. free. fr/Rscripts.html).

We computed six complementary indices to describe the

functional structure of each fish assemblage: Functional Richness

(FRic); Functional Evenness (FEve); Functional Divergence (FDiv);

Functional Dispersion (FDis); Functional Specialization (FSpe); and

Functional Originality (FOri), from the R function “multidimFD”

(Mouillot et al., 2013). These indices were calculated using the

number of sampled individuals (species abundance) for each

hydrological phase and functional traits obtained from

10 individuals per species. The FRic represents the volume of the

functional space occupied by each fish assemblage and is strongly

related to local species richness (Villéger et al., 2008). On the other

hand, the FEve and FDiv are abundance-weighted functional

indices, representing the regularity of abundance distribution in

the functional space and how species abundances diverge from the

center of the functional space, respectively (Villéger et al., 2008). The

FDis is the mean distance in multidimensional trait space of

individual species to the centroid of all species in each

community. This index is sensitive to species abundances by

shifting the position of the centroid toward the more abundant

species and weighting distances of individual species by their relative

abundances (Laliberté and Legendre, 2010). The FSpe measures the

functional specialization of the species pool, from the Euclidean

distance of each species to the center of functional space (Villéger

et al., 2010). Furthermore, FOri is expressed as the isolation of a

species in the functional space occupied by a given community, since

species are less original when showing combinations of

characteristics similar to others (Mouillot et al., 2013). To scale

up these species-level information of the FSpe and FOri to the

community level, we calculated the mean value of these indices for

each fish assemblage.

Data analysis

Differences on local environmental conditions between

hydrological phases were tested using a Permutational Multivariate

Analysis of Variance (PERMANOVA), using Euclidean distance.

To illustrate the environmental differences, we carried out a

Principal Component Analysis (PCA), using a correlation matrix.

To evaluate functional structure regionally, we began by

examining the distribution of species through functional space

for the three hydrological phases (dry, re-wetting, wet). We then

plotted convex hulls of each hydrological phase within the

functional space to examine whether the regional functional

structure changed over phases. In addition, to examine which

traits were most responsible for explaining the regional

functional structure, we plotted the traits loadings

(correlations of traits with PCoA axes) into functional space.

Locally, we assessed the importance of hydrological phases

(dry, re-wetting and wet) on the functional structure of the fish

assemblages using a linear mixed model (LMM). We first

concatenated sub-samples into a single matrix with seven

columns (species richness and functional indexes; response

variables). The site identity (A-D, see Figure 1) and sampled

months were treated as random factors to account for

autocorrelation within sites and months, respectively (Zuur

TABLE 1 Principal component analysis (PCA) loadings of physical-
chemical and environmental variables. Values in bold indicate the
most important variables (loadings > 0.3) to ordinate the hydrological
phases.

Variable PC1 PC2

Temperature 0.08 0.06

Dissolved oxygen −0.03 0.01

Conductivity 0.39 0.08

pH 0.14 −0.05

Water volume −0.10 −0.31

Turbidity −0.01 0.07

Substratum diversity 0.18 −0.39

Mesohabitat diversity −0.18 −0.19

Bedrock (particles >100 cm) 0.34 −0.17

Large boulder (particles 30 cm–100 cm) 0.30 −0.24

Small boulder (particles 15–30 cm) 0.13 −0.44

Gravel (particles 3–15 cm) −0.04 −0.16

Sand (particles 0.2–3 cm) −0.06 0.18

Mud (particles <0.2 cm and subject to suspension) −0.07 0.17

Shading −0.22 −0.02

Litter −0.16 −0.04

Macrophyte −0.22 −0.15

Tree branch −0.23 −0.38

Tree trunk -0.18 −0.23

Root -0.14 −0.11

Rock 0.38 −0.22

Area −0.14 −0.21

Salinity 0.36 0.13

Variance explained by components 15.93% 12.02%

Percentage of total variance explained 15.92% 27.94%
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et al., 2009). We then built a global model testing for the effect of

hydrological phases (dry, re-wetting, and wet) on species richness

and functional structure.

We calculated Moran’s I values using the residuals of the

global LMM models to evaluate if significant relationships are

affected by spatial autocorrelation. In the case of significant

effects of spatial correlation, we incorporated the argument

“corAR1” to global models (Zuur et al., 2009). After that, the

global models were compared against a null model assuming that

the hydrological phases do not influence the response variables.

For significant results (p < 0.05), we assume that the hydrological

phases were essential to explaining the temporal variation in

taxonomic and/or functional structure. Finally, when

hydrological phases significantly influenced the variation of

assemblages, we simplified the global model to test which

hydrological phases were different from each other. Therefore,

the simplified models contain the response variables that were

significantly influenced by the hydrological phases as well as the

identification of similar responses among phases.

We performed LMM with the “lme” function from the “lme4”

package (Bates et al., 2015). We built a bar graph using the

“lineplot.CI” function from the “sciplot” package (Morales and

Development Core Team, 2020). The PERMANOVA and PCA

for environmental variables were performed using the “vegan,”

“ade4,” “stats” and “factoextra” packages. All data analyses were

conducted in R software (R Core Team, 2021).

Results

Environmental variables

We detected significant differences in the physical-

chemical and environmental parameters between

FIGURE 2
Principal component analysis of physical-chemical and environmental variables of each hydrological phase between 2016 and 2018 in Cruxati
River, Ceará, Brazil. Photos captured between 2016 and 2017 at Site B (Teixeira, F.K.).
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hydrological phases (F = 5.44, p < 0.001). The first two

principal components (PC) of the PCA accounted for

27.94% of total variation in environmental variables over

the three hydrological phases. The overall environmental

change was from water predominantly saline and with high

conductivity in dry and re-wetting phases to tree branches-

dominated with high substrate diversity and volume in wet

phase (Table 1; Figure 2; Supplementary Table S3).

Functional structure of fish assemblages

A total of 43,003 individuals were collected belonging to

15 species (Table 2). Poecilia vivipara was the most abundant

species (N = 18,436), followed by Serrapinnus heterodon (N =

14,249), representing 76% of total sampled species. These two

species represented 74% of abundance in dry phase, 83% in re-

wetting and 54% in wet. The less abundant species were

Parotocinclus cearensis (N = 2) captured only in the wet phase

and Characidum bimaculatum (N = 7) only in the dry phase.

Considering all sampled species, fish abundance was higher

during the dry phase (N = 24,671) followed by re-wetting

(N = 15,376) and wet (N = 2,956) phases (Table 2). Species

richness (S) was higher during dry (S = 14) and wet (S = 14)

phases when compared to re-wetting (S = 13).

The regional functional space did not differ between the

hydrological phases, unlike the local taxonomic and functional

structure (Figures 3A,C). In addition, the regional differences

among species within hydrological phases are predominantly

explained by morphological traits (Figure 3B). Higher mean

values of oral gape position (Og_p = 1.06) and eye position

(Ep = 1,04) were registered for P. vivipara while higher mean

values of oral gape shape (Og_Sh = 1.75) for S. heterodon

(Supplementary Table S4). These two species were also the

most abundant in the three hydrological phases (Figure 3A;

Table 2). Regarding functional traits reflecting swimming

efficiency, the higher values of caudal peduncle throttling and

fins surface to body size ratio were registered for Prochilodus

brevis (Cp_Th = 2.62 and Fb_Ra = 207,884.59, Supplementary

Table S2). This species presented substantial differences in

abundance between hydrological phases (Figure 3A; Table 2)

with higher numbers of individuals during the wet season (N =

211) revealing a high caudal propulsion efficiency in periods

where the river is longitudinal connected.

In opposite to the regional scale, we registered significant

local differences on species richness (F = 11.1; p < 0.05),

functional richness (FRic; F = 9.7; p < 0.05), functional

specialization (FSpe; F = 3.7; p < 0.05) and functional

originality (FOri; F = 8.0; p < 0.05) between hydrological

phases of the intermittent river (Figure 3C; Table 3). Species

richness and FRic values were higher in the dry phase while lower

values were revealed during the re-wetting phase (Figure 3C).

Additionally, the higher functional variation was detected during

the wet phase for both indices (Table 3). In relation to the FSpe

and the FOri indices, the higher values were detected during the

dry and re-wetting phases (Figure 3C), while the FDis was higher

TABLE 2 List of species sampled on each hydrological phase in the Cruxati intermittent river, Ceará - Brazil, with respective abundance (number of
sampled individuals) and number of individuals used for functional analysis.

Family Species Number of sampled individuals Number of measured
individuals

Dry Re-wetting Wet

Characidae Astyanax bimaculatus (Linnaeus 1758) 1.670 951 658 10

Astyanax fasciatus (Cuvier 1819) 428 205 26 10

Hemigrammus rodwayi Durbin 1909 274 23 116 10

Serrapinnus heterodon (Eigenmann 1915) 7.507 5.827 915 10

Serrapinnus piaba (Lütken 1875) 545 141 81 10

Cichlidae Cichlasoma orientale Kullander 1983 791 342 52 10

Crenicichla menezesi Ploeg 1991 25 7 9 10

Oreochromis niloticus (Linnaeus 1758) 1.117 266 16 10

Crenuchidae Characidium bimaculatum Fowler 1941 7 0 0 10

Curimatidae Steindachnerina notonota (Miranda Ribeiro 1937) 1.284 586 44 10

Erythrinidae Hoplias malabaricus (Bloch 1794) 136 31 34 10

Loricariidae Hypostomus pusarum (Starks 1913) 50 14 91 10

Parotocinclus cearensis Garavello 1977 0 0 2 10

Poeciliidae Poecilia vivipara Bloch and Schneider 1801 10.772 6.963 701 10

Prochilodontidae Prochilodus brevis Steindachner 1875 65 20 211 10

TOTAL 24.671 15.376 2.956 150
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in the wet phase (F = 4.6; p < 0.05; Figure 3C). The FDiv and FEve

indices did not differ (F = 0.06; p = 0.94 and F = 0.6; p = 0.55,

respectively) between the three phases of the hydrological cycle

(Supplementary Figure S1).

Discussion

We observed marked temporal variations in environmental

conditions and biotic structure (taxonomic and functional) on

the three hydrological phases. The intermittent dynamic

modified the water’s physical and chemical characteristics as

well as habitat diversity, influencing local communities which

can be associated with drought characteristics such as warmer

water, high salinity, and conductivity (Crook et al., 2010) (e.g.,

dry and re-wetting phases) that are harsh characteristics for

aquatic species survival (Lennox et al., 2019). Despite the drought

characteristics, we found high taxonomic richness and functional

richness (FRic), specialization (FSpe) and originality (FOri) in

dry and re-wetting phases, suggesting that Cruxati fish

community display distinct functional characteristics capable

of overcoming the local filters when flow ceases. Indeed, fish

species of semiarid rivers showed high individual variability with

high trophic specialization (Manna et al., 2019). Interestingly, we

did not observe differences in the regional functional structure

between hydrological phases (Figure 3A), which in turn may

promote similar local functional structure patterns (Spasojevic

et al., 2018). The regional-local decoupling suggests that the

hydrological phases favor species with different trait

combinations, acting as a strong environmental filter selecting

some species over others regardless of the regional diversity in the

Cruxati fish community.

Environmental variables and hydrological
phases

The local environmental conditions of the IRES Cruxati

River change over hydrological phases. In IRES, habitats

expand and contract, changing the spatial arrangement,

FIGURE 3
(A) Principal Coordinate Analysis (PCoA) of fish assemblages from each hydrological phase, representing the regional multidimensional
functional space and species abundances (diameter of circles); (B) functional traits mapped in four multifuncional dimensions, the codes for each
trait are described in Supplementary Table S1; and (C) differences on local taxonomic and functional structure according species number and
functional diversity indices between the three hydrological intermittent phases (white circles indicate the mean of each index and black lines
indicate values of standard deviation), using linear mixed models (LMM).
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therefore hydrological connectivity shifts in response to

surface discharge (Datry et al., 2016; Datry et al., 2017). In,

wet phase was associated with tree branch and water volume

confirming the conditions of higher water column observed

in situations that intermittent rivers are longitudinal

connected. In this hydrological phase, longitudinal

connection among river-bed pools is an important factor in

dispersal and maintenance of diversity in these systems

(Maltchik and Medeiros, 2001). However, during dry phase,

flow disrupts hydrological connectivity along longitudinal,

lateral, and vertical dimensions, creating a highly dynamic

mosaic of habitat patches (Boulton et al., 2017), forming

isolated pools (dry and re-wetting) which will have higher

conductivity and salinity as the pools dry (Bond et al., 2008).

The flow absence in dry and re-wetting phases result in low

rates of dissolved oxygen due to high utilization of dissolved

oxygen for respiratory purposes of organisms. In this sense,

the variability in environmental conditions during the

hydrological phases acts as a habitat filter that has a

marked influence on biological diversity (Maltchick and

Medeiros 2006; Chase, 2007).

Functional responses to intermittent
dynamics

On a regional scale, we did not find differences on functional

structure and taxonomic diversity across hydrological phases

(e.g., differences on water levels). Temporal variation on

taxonomic diversity is determined by a balance between

temporal environmental variability (seasonality) and the

reliability of this variability (predictability) (Tonkin et al.,

2017). Therefore, taxonomic composition and fish abundance

in intermittent rivers may remain relatively stable and persistent

across time even with extreme flooding or drying (Matthews

et al., 2013). In addition to stability in fish composition, there is

usually a low number of species in intermittent rivers (e.g., Africa

and Australia) (Kerezsy et al., 2017). In this sense, over

evolutionary time, the remain pool of species selected by

environment filters have traits capable of increasing their

survival (e.g., success on resources’ exploitation) and even traits

that depend on these disturbances (e.g., water level acting as one

driver of reproductive tactics) (Lytle and Poff, 2004).

Poecilia vivipara is the most abundant species in all

hydrological phases due to several traits related to resistance

that increasing the possibility of surviving in water with low

oxygen concentration, and high variation in salinity and

temperature (e.g., oral gape position, eye position, omnivory,

salinity tolerance, and viviparous strategic) (Kramer & Mehegan

1981; Louvise and Monteiro, 2007; Silva et al., 2014; Rius et al.,

2019). These traits associated with variability in reproductive

strategies allow an easier establishment, producing large numbers

of individuals (Louvise and Monteiro, 2007; Arcanjo et al., 2014;

Rius et al., 2019). The combination of adaptable colonization and

recruitment strategies allow most fish species to survive in

intermittent rivers (Datry et al., 2017; Kerezsy et al., 2017).

The second most abundant species was the omnivorous and

shoal-forming Serrapinnus heterodon, also commonly found in

semi-arid regions (Silva et al., 2014), including the Mundaú Basin

(Teixeira et al., 2017; Terra et al., 2017). This species has a higher

oral gape shape trait value, reflecting efficiency in capturing food

items during all intermittent phases, as well as P. vivipara

(Manna et al., 2019). The third most abundant species was

Astyanax bimaculatus, a generalist and opportunistic species

that has a wide capacity of changing the diet according to

variations in the habitat and seasons in response to food

resources availability (Silva et al., 2010; Manna et al., 2012). It

is important to emphasize that during the dry phase we found

higher abundance of individuals in the remain isolated pools; as

other studies in IRES (e.g., Datry et al., 2016; Bogan et al., 2017).

Increasing abundance of aquatic organisms can be associated

with hard environmental conditions as decreased habitat area

(e.g., Dewson et al., 2007; Datry et al., 2016), resilience traits and

reproductive peak. The higher abundance of species in the dry

phase is related to opportunistic strategists related to life history

traits selected by flows’ variability (Winemiller and Rose, 1992;

Mims and Olden, 2012). Perennial rivers are becoming

intermittent due to recent drying events which cause higher

local effects on taxonomic diversity of aquatic communities in

relation to intermittent rivers that historically experience drying

events (Crabot et al., 2020). The combination of resistance and

resilience traits can explain this pattern, since communities are

filtered by environmental conditions as flow that select the

functional composition (Bonada et al., 2007; Chase, 2007;

Bogan et al., 2017).

We found significant differences in the functional

diversity indices (FRic, FSpe, FOri, and FDis) among

TABLE 3 Linear mixed models (LMM) on the taxonomic and functional
structure of fish assemblages in the Cruxati intermittent river,
Ceará - Brazil.

Model Simplified model notation Significance

Taxonomic

Richness phase [Dry + Wet|Re-wetting] <0.001
Functional

Richness (FRic) phase [Dry + Wet|Re-wetting] <0.001
Divergence (FDiv) phase [Dry + Wet + Re-wetting] 0.842

Evenness (FEve) phase [Dry + Wet-Re-wetting] 0.613

Dispersion (FDis) phase [Dry|Re-wetting + Wet] 0.001

Specialization (FSpe) phase [Dry|Re-wetting + Wet] <0.001
Originality (FOri) phase [Dry|Re-wetting + Wet] <0.001

Models assumed linear relation and site identity (A-D see Figure 1) and sample mouths

as random intercepts. The simplified models included the significant effects of

hydrological phases on taxonomic and functional structure (response variables). The “|”

symbol merges the phases with similar influence on response variables.
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hydrological phases, reflecting no stability in functional

composition. As expected, assemblages with higher species

richness were the ones with higher values of FRic, since

functional richness varies in relation to species composition

(Mouillot et al., 2013). Therefore, local effects were important

on structuring fish assemblages during the dry phase. This can

be explained by the high environmental heterogeneity in the

formation of isolated pools (Banegas-Medina et al., 2021) and

by unique traits adapted for drought events (Lytle and Poff,

2004).

Local processes as driver of functional
diversity

We observed higher values of FSpe and FOri for each isolated

pool during the dry phase when compared to re-wetting and wet

phases. Hence, isolated assemblages can be composed by

functionally specialist species with extreme trait combinations

and high abundance (Villéger et al., 2010), and/or original species

that do not share traits with functionally closely-related species

(Mouillot et al., 2013). Additionally, the durability of the dry

phase influences the degree of temporal effects in biotic

communities, such as taxa with tolerance to drought

(i.e., specialists) replacing species adapted to flowing

conditions (Cid et al., 2017).

FSpe and FOri decreased during the wet season probably due

to high water flow and hydrological conditions (e.g., Sánchez-

Pérez et al., 2020), as well as FDis increased after the river

reconnected. Communities are more functionally dispersed in

this phase with species abundance more equitable and distant

from the centroid considering the functional space. Therefore,

when the river is connected, communities are regularly

distributed in the functional space. Due to sensitivity to

species abundance, FDis was lower in dry and re-wetting

phases, where isolated pools have higher abundance with

more species closer to the community centroid (Laliberté and

Legendre, 2010). Lower values of FDis are already expected for

environments that suffer hard disturbances (Mouillot et al.,

2013). This sensitivity of the FDis to disturbances can be

explained by the fact that changes in species abundance are

faster than changes in species richness (e.g., local extinction)

(Mouillot et al., 2013). This regularity in the higher functional

dispersion of fish assemblages in the wet phase corroborates our

hypothesis.

Water flow variations can lead to changes in species

abundance throughout the hydrological phases (Medeiros and

Maltchik, 2001). For example, the increase in abundance of

Hypostomus pusarum during the wet phase can be reflected

by high resilience reported to Loricariidae species (Power,

2003), indicating potential resistance to extreme drought

events followed by recolonization when the water level rises.

Prochilodus brevis was more abundant in wet phase, which is

explained by its migratory habits related to dispersion traits as

caudal peduncle throttling and fins surface to body size ratio,

which allow caudal propulsion efficiency through reduction of

drag and acceleration and/or maneuverability efficiency (Villéger

et al., 2010). In the semiarid region, the rainfall acts as a trigger to

the reproductive cycle of this species (Gurgel et al., 2012) causing

spawning migration during the rainy season (Nelson, 1994).

However, small stream-dwelling fish have longitudinal

movements limited to two kilometers, characterizing most

species with short distance displacement (e.g., Mazzoni et al.,

2018), which can explain the low abundance of most species

during re-wetting and wet phases. Traits related to Eurytopic

guild combined with limited displacement, which includes

species with high tolerance to low dissolved oxygen

concentrations, may explain high abundance of some species

during the dry phase (e.g., P. vivipara) (Welcomme et al., 2006).

However, global climatic changes have been modifying the

rainfall regime in semiarid regions, altering the reproductive

process of fish species. These climatic alterations favor the

expansion of drying over time and space in naturally

intermittent river regimes with prolonged dry phase (Larned

et al., 2010; Datry et al., 2021). Temporal nestedness increased in

naturally intermittent rivers as climatic aridity increased,

showing that harsh environmental conditions associated with

global changes may further reduce functional biodiversity at

these sites even if they are already intermittent (Vorste et al.,

2021). In addition to the increased water demands for human use

(Larned et al., 2010), naturally intermittent systems may serve as

models of future predictions in cases of water scarcity. This

highlights the need to consider climatic alterations in studies

investigating the ecological responses to stress and disturbance in

dynamic river systems (Vorste et al., 2021).

We conclude that local ecological processes (i.e., dynamics

of hydrology) may promote the establishment of species

according to their functional traits and thereby the

functional structure of local assemblages. Fish species also

change their distributions at different spatial scales in

response to seasonal changes in flow and habitat availability

(Cid et al., 2017). Interestingly, local effects may influence the

responses of functional fish traits (more than regional diversity)

when temporal dynamics within the same region were

investigated, contradicting the inferences obtained at

regional, or global level (Stefani et al., 2020). Therefore, in a

region with low species richness that does not substantially

change over a long time, local processes are important to

explain the functional structure of fish assemblages.
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