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The effect of hydrological connectivity of the fish assemblages was assessed on a
floodplain in the SE Gulf of California, Mexico using a before—after control-impact (BACI)
design. Community structure attributes of species abundance, biomass, richness,
diversity, and differences in the structure of fish assemblages were compared between
two periods (January to June in 2011 and 2015) and two flood plains, one designated
as the control zone which was divided by a road, and another one designated as
the treatment zone which from January to June 2011 was divided by a road, and
then sampled from January to June 2015, as the site was rehabilitated by removing
the road in the year 2012. Fish were sampled at monthly intervals using a seine
net at different stations in both floodplains. A total of 7024 organisms, comprising of
14 species belonging to 11 families, were analyzed. In the control zone during both
periods and in the treatment zone before removal of the road Poecilia butleri was the
most abundant species and two exotic species (Tilapia) accounted for more than 95%
of the total biomass. After the removal of the road in the treatment zone Poeciliopsis
latidens was the most abundant species and the relative biomass of both species
of tilapia decreased to 85%, but was still the most important in terms of biomass.
However, richness and diversity were higher and the structure of the fish assemblages
was different in the treatment zone after the road was removed, due to the presence of
species with estuarine and marine affinity in this zone and period. Our results indicate
that hydrological connectivity proved to be a key factor influencing the fish composition
and abundance in the floodplain system in the region. Hence, a better hydrological
connectivity implied higher abundance and diversity, likely related to an increase in the
habitat complexity. The priority in the management of the ecological functioning of the
floodplain system should be set on minimizing the modifications of the natural flow and
thus avoiding the changes on the fish biota.

Keywords: floodplain restoration, fish assemblages, estuarine fish, freshwater fish, multivariate analyses,
BACI design
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INTRODUCTION

Seasonal coastal floodplains along tropical latitudes are amongst
the most biologically productive and diverse ecosystems on
earth (Tockner and Stanford, 2002; Junk et al, 2006) and
are an important component of rivers and wetlands, acting
as a nursery habitat and refuge for fish (Junk and Wantzen,
2004). These dynamic systems are seasonally flooded during
flow and ebb currents resulting on water level variations.
Particularly, wetlands on estuary floodplains are dynamic entities,
driven by connections of tidal habitats and freshwater flooding
which can have positive consequences for the fish inhabiting
these systems, and from the ecological point of view, these
ecosystems play an important role in improving the water
quality by filtering and recycling nutrients, storing sediments,
and supporting high biodiversity (Junk et al, 1989; Bayley,
1995). Also, considering that tropical floodplain systems are
home to diverse fish species representing an important source
of protein for human populations (Welcomme, 2001), these
sites also possess an economic importance, which is altered
seasonally depending on the wet and dry seasons. The response
of the fish to these variations is expressed in particular
adaptations across the seasonal floodplain (Bayley, 1995). During
the wet season the inundation covers large areas and thereby
increases the availability of food and shelter for fishes and other
organisms (Welcomme, 2001). Contrary, during the dry season
the floodplains are prone to an alteration of the hydrological
connectivity (Jardine et al., 2012), which limits the fish movement
and certainly provokes the mortality of many organisms trapped
in dried habitats.

The estuarine complex of Marismas Nacionales is located
in the alluvial plain of the States of Nayarit and southern
Sinaloa on the North-Central Pacific coast of Mexico. This
large complex comprises approximately 175,300 ha of mangrove
wetlands, saltwort (Salicomia spp. and Balis maritima), vegetated
and un-vegetated extensive seasonal flood plains, including
some saltpans, coastal lagoons, and tidal channels (Ramirez
Zavala et al, 2012). It is estimated that this region alone
accounts for 50-70% of Mexico’s annual small-scale fisheries
production (Spalding et al., 2007). However a high percentage
of its ecosystems are under threat (Tockner et al, 2008) and
despite its low population density there is still increasing pressure
on the floodplains and wetlands in this region due to human
activities. The continued decline of floodplain and wetland
ecosystems is mainly caused by habitat alteration (Taylor et al.,
2007), transforming these areas into agriculture or aquaculture
fields, and tourism developments (Pdez-Osuna et al, 1999
Glenn et al., 2006). Additionally, hydrological modifications
such as construction of marinas, channels, coastal erosion, dam
infrastructure, and urban development are also an important
threat for these coastal ecosystems (Giri et al., 2011). As a
consequence habitat diversity patterns are strongly affected
(Bunn and Arthington, 2002) because the construction of these
structures often changes the rate of the flow (Sparks et al.,
1998). At present different floodplains in this area have their
flooding seasonality altered and get less water than in the
past (Kingsford, 2000). This anthropogenic activity may lead

to the ecosystem fragmentation, which could potentially cause
the isolation of some populations by limiting the migrations
and/or species movements, but on the other hand exotic
species can benefit from the stabilization of the habitat and
invade the system (Bunn and Arthington, 2002). As a result of
these modifications many ecological benefits of the floodplains
may be restricted.

The awareness of the value of seasonal floodplains has
gradually increased (Ratti et al., 2001) and there is a need to
integrate the sustainable management of seasonal floodplains
and their associated fishes. Firstly, it is important to understand
the relationship between the habitats and fishes, not only for
sustainable fisheries but for the overall management of these
ecosystems. One of the strategies of how to conserve and preserve
these systems is through habitat restoration (Ormerod, 2003).
Restoration has been suggested as a mechanism for enhancing the
fisheries/higher biodiversity in degraded areas (Levings, 1991).
In order to implement successful restoration strategies it has
been agreed that hydrology is key (Wolanski et al., 1992).
The enhancement of the hydrological connectivity is one of
the techniques for the ecosystem rehabilitation which aims to
restore the natural component of the flow (Arthington et al,
2010). Most of these enhancement projects are focused on
wildlife and are rarely designed to benefit fish communities,
therefore there are gaps in the understanding of the use of
seasonal floodplains by fishes. However, in general, higher spatial
connectivity contributes to the creation of better conditions
for fish, shrimps, and other fishing resources (Rozas et al.,
2013). Several studies have investigated the relation between
hydrological connectivity, wetland characteristics, and the fish
community with the conclusion that connectivity is a key factor
determining the diversity and structure of fish assemblages
(e.g., Lasne et al., 2007; Pearson et al., 2011). Likewise, it has
been proven that a better hydrologic connectivity increases the
diversity of native fish species, whilst the number of exotic
species increases with isolation (Lasne et al.,, 2007). Isolation
could alter the aquatic environment, thereby increasing hypoxia
and indirectly affecting the structure of fish assemblages (Rozas
etal., 2013). However, even though the rehabilitation process has
been widely used over the broad range of riverine and wetland
ecosystems resulting in a positive outcome, within the field of
conservation biology hydrologic connectivity remains a largely
neglected dimension.

The present study assessed the influence of attributes of
hydrological connectivity based on a road removal performed in
October 2012 on the fish assemblages in a subtropical seasonal
floodplain. Rural communities in the studied region, such as
fishing villages, constructed many roads through the floodplains
during the dry season in order to access suitable locations for
their small fishing boats. These dirt roads were usually built
at 50 to 80 cm above the maximum local tidal amplitude in
order to avoid flooding during the spring tides. The specific dirt
road in this study consisted of a pathway for off-road vehicles
that was abandoned for unknown reasons. The hypothesis is
that the lack of hydrological communication created a less
suitable environment for the fish community, and thus local
fishermen abandoned this seasonal floodplain in order to find a
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more suitable location. Consequently, it was decided to remove
this abandoned dirt road in order to assess the diversity of
fish species by enhancing tidal hydrological connectivity. The
fish response was measured as the abundance, diversity, and
structure of the fish assemblages before and after the road
was removed. The working hypothesis was that opening of
the channel through the removal of the road would increase
the hydrologic connectivity in the system, therefore increasing
the fish abundance and diversity, and altering the structure of the
fish assemblage. In order to do this a before-after control-impact
(BACI) design was employed.

MATERIALS AND METHODS
Study Area

The study was conducted in the salt marsh of Las Cabras
(Figure 1), located on an alluvial plain in the State of Sinaloa,
within the Marismas Nacionales complex. The study area
presents a hot semiarid-climate (BSh) (Garcia, 1998). Mean
annual air temperature ranges from 24 to 28°C and the annual
total precipitation, which occurs between the months of July
and September, ranges between 900 and 1,300 mm (INEGI
and Gobierno del Estado de Sinaloa, 1999). The salt marsh
Las Cabras is a seasonal floodplain of approximately 60 km?,
with no direct connection to the adjacent Pacific Ocean. The
underground salt wedge that passes through the coastal sand
barrier depends on the local tide, which presents a semi-diurnal
pattern with maximum amplitude of 1.8 m in spring tides during
the summer months of June to September. This subtropical
semiarid saltmarsh includes multiple tidal creeks, seasonal flood
plains, and an extensive saltpan area with hypersaline conditions
(Flores-Verdugo et al., 1993).

Black mangrove (Avicennia germinans), white mangrove
(Laguncularia racemosa), and buttonwood (Conocarpus erectus)
are commonly found where topographic profile is regular, and
flood and ebb currents occur regularly without retaining standing
water. Conversely, a depression is commonly found where
there is a more complex geomorphology, such as the Easter
section of this area, where tidal influence is minimal, creating
a less frequent inundation zone with an extensive community
of Batis sp. and Salicornia sp. Consequently, these saltmarshes
have hypersaline pore-water conditions for much of the year
(Flores Verdugo et al., 2007). The remaining terrestrial vegetation
consists of dry deciduous forest and palm trees at relatively
higher elevations.

Sampling Design

In order to perform an assessment of the effect of the road
removal on the fish assemblage’s diversity and structure a BACI
design was employed. This design consists of measurements
taken at the treatment (impacted) site and at a control site both
before and after the impact occurs (Smokorowski and Randall,
2017). Thus, there are a total of N observations with multiple
observations over time or space, and the resulting data can be
analyzed with a factorial ANOVA (Green and Green, 1979).
Usually this design is used to evaluate environmental impacts due

to anthropogenic induced changes. However, in this case, it was
used to evaluate a restoration effort.

The region of our study went through degradation and
now it is in the process of restoration through hydrological
rehabilitation. In the analyzed flood plain (i.e., the impacted area)
rehabilitation was initiated in 2012 when a road was removed,
connecting habitats and enhancing the water circulation in this
ecosystem. Further rehabilitation includes planting of mangrove
seedlings and construction of new channels at other sites nearby.
However, due to its recent progress and locations these factors
were not considered in the present study.

In the same region there is a flood plain which is divided by
a dirt road which has remained there since it was constructed
during the 1990s (i.e., control area).

As the area where this flood plain is located consists of private
lands, with very limited access, it was only possible to conduct
the study at two different time intervals; monthly from January
to June 2011, before the road was removed, and monthly from
January to June 2015, after the road was removed. A total of 27
stations were sampled each month along the impacted/restored
seasonal floodplain, and 10 stations were sampled each month
in the control area (Figure 1). In the impacted area there was
limited water circulation before the road was removed, and
the only connection was through a passage with a diameter of
approximately 1 m. In the control area the connection to the main
body of the floodplain was also through a channel located under
the road with a diameter of about 1 m.

Environmental Measurements

The environmental factors of dissolved oxygen (mg/l), salinity
(ppm), depth (m), and temperature (°C) were recorded at each
station in each sampling month using a YSI multiparameter.

Fish Sampling and Laboratory
Processing

The fish were sampled with seine nets (70 m in length, 3.4 m in
height, and 1 cm mesh size) hauled by four people at each station
in each sampling month. After each fishing operation fish were
kept on ice and transported to the laboratory. In the laboratory,
fish were taxonomically identified to species, counted, weighted
to the nearest 0.01 g, and measured (total length in cm).

Data Analysis
The initial and end positions were recorded with a GPS in
order to estimate the mean catch per unit effort (CPUE). This
was computed for every station and was used for all analyses.
This index was obtained according to the method proposed by
Viana et al. (2010) by estimating the number of individuals (n)
according to the equation: y = 100 n(A)~!, where A is area swept.
A randomized cumulative species curve was constructed for
every year and every location sampled to determine if sample
sizes were sufficient to describe the total number of species
from our modeled samples (Flather, 1996). The order in which
samples were analyzed was randomized 1000 times, for each
new cumulative species sample using Chao’s estimator of the
absolute number of species in an assemblage. It is based upon the
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FIGURE 1 | (A) Study site (Las Cabras floodplain), in the southeast Gulf of California (enhanced near infrared, red, and green composition from a Sentinel-2 image).
(B) Detailed digital image of the sampling sites. Red dots indicate the zones where the fish were collected, and yellow point indicates the place where the road was
placed in the treatment area. Dark blue dots indicate the zones where the fish were collected, and light blue dot point indicates the place where the road is still

placed in the control area.
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number of rare classes found in a sample (Chao, 1984), and the

notation is:
f2
Sest = Sobs + (i

Where Sest is the estimated number of species, Sops is the
observed number of species in the sample, f; is the number of
singleton taxa (taxa represented by a single occurrence in the
assemblage), and f; is the number of doubleton taxa (two or more
occurrences in the assemblage). Further details of this method
can be found in Magurran (2004).

Each station was treated as a replica; therefore, fish species
diversity was estimated for every sampling station at every
month, year, and location using the Shannon index of diversity
(H’). The form of the index is:

H =— Zpl ll’lpl

Where p; is the proportion of individuals found in the i species
(Magurran, 2004).

The diversity values were used to perform a simple
BACI - 1 year before/after; one site impact; one site control,
design, although in this case the time after the event was more
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than 2 years long. The analysis was performed with a three-factor
completely randomized design (three-way ANOVA). According
to Magurran (2004), this diversity index follows a normal
distribution; therefore, a parametric test can be performed.
The factors were location (control and impact floodplain),
year (before: 2011, after: 2015), and month (January to June).
Homoscedasticity of variances was tested with Cochran’s C test,
and a Tukey test was performed in case statistical differences were
found to do pairwise comparisons.

Multivariate analyses were also used to test the same BACI
design, comparing the fish assemblages between the different
locations, months, and years. A matrix containing the sampling
month and locality per year as columns, and fish species
as rows was created and from this a Bray-Curtis similarity
matrix was generated. The factors assigned to this matrix
were month, year, and location. To test the Hy that the
fish assemblages did not differ according to these factors,
a PERMANOVA was employed using the same three-way design
as it was used with the ANOVA. If significant results were
found the data were graphically represented using a distance
based redundancy analysis (dbRDA) (McArdle and Anderson,
2001). This analysis predicts the multivariate variation of the
fish assemblages in the months and years in multivariate space.
Multivariate analyses and the estimation of the diversity index
were completed using the PRIMER 6 statistical package with
the PERMANOVA+ add-on (PRIMER-E, Plymouth Marine
Laboratory, United Kingdom). All parametric statistical analyses
were performed on STATISTICA 13 (TIBCO Software, Inc.).

RESULTS

Environmental Patterns

All the sampling stations were shallow, with a highest water
level of 75.2 cm during January 2015, and lowest of 18.5 cm in
the restored area during May 2011, and 15.0 cm in the control
site during May 2015. During June 2015 at the restored area
the depth was of 26.0 cm. During June 2011 in the control and

restored area, as well as June 2015 in the control site, the systems
were completely dry. In both periods and sites, the temperature
behaved similarly with a variation through the sampling months
(Figure 2), ranging between 27.7 and 36.9°C during 2011, and
lower during 2015, with a range of 24.2-36.2°C. Salinity increased
gradually as months passed. Before the opening of the road, and
in both periods at the control site the salinity increased from
11.85 ppt in January to 79.3 ppt at the end of June. After the road
was removed in the rehabilitation site, salinity ranged from 4 ppt
in January to 66.2 ppt in May. Dissolved oxygen (mg/1) decreased
as months passed in all sites, from 10.8 in January, to 0.1 mg/1 in
June 2011, and from 9.7 in January 2015 to 0.1 mg/1 in June 2015.

Fish Assemblages

A total of 7024 individuals were captured over the course of
this study, from 11 families, representing 12 native and 2 exotic
species (Tilapia, Cichlidae). The sampled fish collected on the
floodplain were represented by both small and large bodied
species; however, small-bodied species were dominant. The size
range of all fish species was 1.2-33.5 cm (mean = 3.75 cm) before
the road was removed, and 1.2 to 43 cm (mean = 4.5 cm) after the
road was removed. In both periods and locations, the majority of
species in the system were found according to Chao’s model when
fitting the species accumulation curve; an asymptote was reached
in both periods and both locations (Figure 3).

The number and composition of species in the restored
system varied before and after the road was removed. Before the
removal of the road six species were captured from four families.
Poecilia butleri (48.2%) was the dominating species in terms of
numeric abundance, followed by Poeciliopsis latidens (23.9%),
Orechromis aureus (22.9%), Orechromis sp. (2.8%), Lile stolifera
(0.8%), and Atherinella crystallina (0.03%). However, in terms of
total biomass, both species of tilapia were the most important
species and accounted for more than 95% of the total biomass
(Orechromis aureus: 54.9%, Orechromis sp.: 40.4%).

After the road was removed 14 species from 11 families
were recorded. These included the six species found during the
previous sampling period plus another eight. The top five in
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terms of numeric abundance were Poeciliopsis latidens (42.4%),
Oreochromis aureus (30.0%), Poecilia butleri (22.1%), Atherinella
crystalina (1.5%), and Lile stolifera (1.1%), which accounted for
more than 97% of the total abundance. In terms of biomass,
both tilapia species remained dominant, but in this period their
importance decreased from more than 95% before the road
was removed, to approximately 80% after the removal of the
road (Orechromis aureus: 44.8%, Orechromis sp.: 35.6%). In
2015 4 other species accounted for 95% of the biomass; these
were Poecilia butleri (5.3%), Dormitator latifrons (3.6%), Chanos
chanos 3.2%, and Poeciliopsis latidens (2.6%).

In the control site the number of species found during 2011
and 2015 were the same (i.e., 5), and these included the identical
ones as found in the restored site during 2011, with the exception
of Atherinella crystalina, which was not found in the control
site. During 2011, Poecilia butleri was the most numerically
abundant (61.4%), followed by Poeciliopsis latidens (22.7%), and
Orechromis aureus (14.9%). These three species accounted for
99% of the total relative numeric abundance. In terms of relative
weight, both Tilapia species accounted for more than 97% of
biomass (Orechromis aureus 51.1%, O. sp. 46.3%), followed by
Poeciliopsis latidens (1.4%). Between these three they accounted
for almost 99% of the relative biomass during that period of time.

During 2015 at the control site Poecilia butleri was also
the most numeric abundant species, but the relative numeric
abundance was smaller (45.7%), followed also by Poeciliopsis
latidens although during this period, the relative numeric

abundance of this species increased to 28.7%. Orechromis aureus
showed a relative numeric abundance similar to the previous
period (13.8%), but in this year, O. sp. showed a much higher
numeric abundance that during 2011 (10.3%). These four species
accounted for 98.5% in terms of biomass, both species of Tilapia
were also the ones accounting for the higher relative biomass
with 98.5% (Oreochromis aureus 61.4%, O. sp. 37.1%). The total
number of species found together with their relative numeric
abundances and biomasses can be observed in Table 1.

Upon examination of fish diversity among both sites, periods,
and sampled months, statistical differences were found according
to year (F(1,46) = 131.5, p < 0.05), month (F(546) = 19.64,
p < 0.05), site (F(1,46) = 136.4, p < 0.05), interaction year/month
(F(5,46) = 2.5, p < 0.05), interaction year/site (F(j 46) = 18.6,
p < 0.05), interaction month/site (F(s 46) = 13.0, p < 0.05), and
interaction year/month/site (F(s 46) = 3.2, p < 0.05).

The mean diversity was higher in the restored site in both
years; however, it showed a statistically significant increment
after the road was removed. In the control site, although the
mean diversity was higher for all months during 2015, these
differences were not statistically significant (Figure 4, Tukey HSD
test p > 0.05). In both sites and years diversity decreased as time
passed, always being higher in January, and decreasing toward
May and June. The control site was completely dried up in June
in both years; therefore, the fish diversity was 0 at that time. The
restored site was also dried up in June 2011, and during June
2015 it was very shallow, but there were a few individuals of
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TABLE 1 | Relative numeric abundance and biomass of the fish species found in
the system at each period.

Control Impact

Abundance Biomass Abundance Biomass
Species 2011 2015 2011 2015 2011 2015 2011 2015
Atherinella crystallina - - - - 0.4 1.5 01 11
Centropo musarmatus - - - - - 0.2 - 0.2
Chanos chanos - - - - - 0.1 - 3.2
Diapterus peruvianus - - - - - 0.2 - 0.2
Dormitator latifrons - - - - - 0.7 - 3.6
Elops affinis - - - - - 0.1 - 1.2
Etropu scrossotus - - - - - 0.1 - 0.1
Gerres cinereus - . - - - 0.2 - 0.3
Liles tolifera 0.5 1.5 04 05 08 1.2 04 08
Mugil curema - - - - - 0.1 - 1.1
Orechromis aureus 156.0 138 614 511 229 30.0 549 356
Orechromis sp. 05 103 37.0 462 28 1.2 404 447
Poecilia butleri 61.4 457 0.7 0.9 482 221 3.6 53
Poeciliopsis latidens ~ 22.7  28.7 05 1.4 239 424 0.6 26

both Tilapia species inhabiting the system, therefore the diversity
index was low, but not 0 (Figure 4).

General PERMANOVA results were similar to those obtained
with the three-way ANOVA, as significant results were also

found in the fish assemblages according to year (pseudo-
Fu6 = 168, p < 0.05), month (pseudo-Fs546 = 13.7,
p < 0.05), site (pseudo-F(1 46) = 226.3, p < 0.05), interaction
year/month (pseudo-F s 46) = 5.7, p < 0.05), interaction year/site
(pseudo-F(1 46y = 21.8, p < 0.05), interaction month/site
(pseudo-F s 46) = 11.2, p < 0.05), and interaction year/month/site
(pseudo-F s 46) = 5.5, p < 0.05).

The dbRDA plot (Figure 5) shows that the fish assemblages
were very similar in the control site in both analyzed years, as
no clear separation was distinguished from 1 year to another,
and no statistical differences were found according to the
PERMANOVA test, when testing for differences between years
in the control site (Year pseudo-F(i 13 = 2.84, p > 0.05;
Month pseudo-F(s 13) = 2.64, p < 0.05; interaction Year-Month
pseudo-F (s 13) = 0.65, p > 0.05). These results indicate monthly
differences, as previously indicated, but no differences between
the analyzed years.

The assemblages found in both years in the control site,
were also similar to the fish assemblage found in the restored
area prior to the road being removed. However, the fish
assemblage in the area to be rehabilitated was different to the
fish assemblages found in the control site in both years (Site
pseudo-F(j 46) = 4.21, p < 0.05).

A clear-cut group containing the fish assemblages in the
rehabilitation site after the removal of the road is observed in
the lower part of the graph. The fish assemblages were changing
chronologically through the sampling months, as a pattern can
be seen from January to May or June during 2015 in the
rehabilitated zone.
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FIGURE 4 | Mean values of the Shannon diversity index in both analyzed sites during the sampled years and months. Vertical bars denote 95% confidence intervals.
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FIGURE 5 | Distance based redundancy analysis (dbRDA) describing the patterns in the fish assemblages in both sampling periods.

The dbRDA vectors indicate that Poecilia butleri, Poeciliopsis
latidens, Lile stolifera, and both Tilapia species were the
characteristic species in the control site in both years and during
2011 in the rehabilitated site, prior to the removal of the road.
After the road was removed more species appeared in the
rehabilitated zone only, and their importance seems to relate to
seasonal changes. For example, the species Dormitator latifrons,
Chanos chanos, and C. armatus seemed to be characteristic during
the warmest months of 2015. These species are known for their
tolerance to high salinities and high-water temperatures.

DISCUSSION

Environmental Patterns and Their
Effect on Fish Assemblages

Shallow aquatic environments, such as floodplains, are strongly
influenced by local driving factors (Thomaz et al, 2007).
Therefore, the adaptations and life history of the biota might
reflect the temporal environmental changes determined by
the seasonal flooding (Cucherousset et al., 2007). In spatially
heterogeneous environments such as floodplain mangrove
systems, the variability of the accessibility and environmental
conditions influence the fish assemblages. The importance of the
environmental variables in fish assemblages has been recognized
by Jackson et al. (2001). This same pattern was observed in the
present study, as abiotic factors seem to meaningfully define
changes in fish composition through time. Regardless of road

removal, the water temperature and salinity increased gradually
from January to June, and the depth and dissolved oxygen
decreased, and at some points, the system became completely
dry. The floodplains analyzed were brackish at the beginning
of the year, and in general had good water quality, but as
time passed they became hypersaline and hypoxic, until the
control zone in both studied periods, and the rehabilitated
zone during 2011, dried up by June. In this area the dry
season runs from mid-November to mid-June (Amezcua et al.,
2019), so all the sampled months occurred during the dry
season, and as time passed, the temperature increased, causing
evaporation, and therefore a reduction in the depth of the
system, an increase in the salinity and temperature of the
water, and also a decrease in the dissolved oxygen. These
results are likely influencing the changes in the fish assemblages
observed throughout the course of this study; regardless of the
rehabilitation. In both periods and in both systems, the fish
assemblages changed according to a clear monthly pattern that
is likely associated with the changes in these abiotic factors.
However, different fish species were found in the sites even in
very harsh conditions. Inland aquatic environments are subject
to drying periods with the highest variations in concentrations
of dissolved oxygen (Okada et al., 2003). Most of the fish
species found exhibited tolerance to shifts in the salinity and
dissolved oxygen which demonstrates their morphological and
physiological abilities to maximize survival and adapt to changing
conditions in the environment such as variations in hydrological
regime. Most of the sampled fish were freshwater species
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with higher environmental tolerances, inhabiting shallow, warm,
brackish waters.

Fish Assemblages Before and
After the Rehabilitation

Considering that we were able to obtain samples in the
rehabilitated and control floodplains before and after the road
was removed, the use of a BACI designed seemed to be optimal,
as this design is one of the best models for environmental
effects monitoring programs (Smokorowski and Randall, 2017).
However it has been discussed that a proper BACI design would
require about 3 to 5 years of sampling prior to and after the
impact, as this is the period of time in which most of the fish
species would reach their maximum age, and also when most
species would complete one generation. It is necessary to consider
that those studies were undertaken in temperate and cold zones
where the water bodies are permanent and the fish species have
longer fish spans (Smokorowski and Randall, 2017). This is
opposite to what we have in our study: ephemeral water bodies
that last less than a year, because at some point the system dries
up, or the conditions become too harsh to support any living
organisms, and also the life spans of some of the analyzed fish
species are very short, as is the case of the guppies that have a
life span of less than 2 years (Reznick et al., 2005), or the fringed
flounder, whose life span is 1 year (Reichert, 1998), and although
the biology of most of the fish species found in the present study
is not known, it is very likely that some of the other fish species
have similar short life spans.

Also, as previously stated, access to the study site was very
limited, and only during the months when the samplings took
place, therefore the pre and post -treatment periods were limited
to only the months analyzed. However, we were able to use the
months as replicas in the study, and considering that the studied
sites are ephemeral, as previously stated, we consider that the
results of the present work can be considered as valid.

Results indicate significant changes in richness, diversity, and
structure of the fish assemblages in the treatment zone before
and after the road was removed, and with the control zone.
Prior to the removal of the road, the number of fish species and
the structure of fish assemblages was very similar between the
control and the treatment zones. After the road was removed,
the diversity, richness, and the structure of the fish assemblage
changed in the treatment zone.

During 2011 both zones were dominated by three species in
terms of abundance, and two in terms of biomass. Two poeciliids
Poecilia butleri and Poeciliopsis latidens, and the exotic species
of tilapia (Orechromis aureus), were the most abundant, and in
terms of biomass, both tilapia species found accounted for more
than 95% of the biomass. In the control site during 2015, the
tilapia (O. sp.) increased its abundance, and was also dominant
in similar numbers to Oreochromis aureus, but in terms of
biomass, both species of tilapia accounted for more than 97%.
It is necessary to consider that the conditions in these sites were
harsh. Finding these species is likely related to the adaptations
that these present to tolerate such conditions. It is known that
the members of the family Poecilidae have a tolerance for such

environmental conditions, especially thermal and wide range of
salinity (0-135 ppt), which explains its high abundances and
presence at all sampling sites (Meffe and Sheldon, 1988). These
shallow, sheltered environments with soft sediment bottoms in
the floodplain wetland appear to provide an ideal habitat for
the formation of a breeding area for poecilids. Their diet mostly
consists of detritus, zooplankton, and insects. For the case of
the tilapia species, severe conditions, such as the ones found in
this area, permit the high presence of exotic species. They have
become the dominant species in many of their introduced ranges.
It is known that Oreochromis aureus is a freshwater fish with a
high tolerance for brackish water and to a wide range of the water
quality and habitat conditions (McKaye et al., 1995). This ability
explains its presence during all the sampled months, as this
species is capable of withstanding severe conditions and poor
water quality. This species is considered a competitor with the
native species for food and space (Buntz and ManoochlIl, 1969).
Atherinella crystalina and Lile stolifera were not very abundant
species during 2011 in the treatment area, and in the control area
Atherinella crystallina was never collected. However, these species
were found in some stations, from January to March, when the
water quality was acceptable. Atherinella crystallina is restricted
to freshwater areas of Sinaloa state and northern Nayarit, and is
prone to declines due to habitat degradation, especially coastal
development and pollution, and very little is known about its
biology and habits (Gonzélez-Diaz et al., 2015). Lile stolifera is
known to enter and be very common in estuarine systems in the
region, and is also an abundant species (Amezcua et al., 2006).

In the treatment zone after the road was removed the system
was still dominated by the same three species in terms of
abundance, and the two species of tilapia were still the dominant
species in terms of biomass, although during this time its biomass
accounted for 80%, 15% less than prior to the removal of the
road, and other species appeared with some importance, and
the diversity and richness of species increased in a significant
manner. The species found during 2011 were also present in 2015,
but additional species that are typical inhabitants of estuarine
systems were also found, such as Dormitator latifrons, mojarras
(Gerreidae), milk fish (Chanos chanos), snooks (Centropomidae),
and the machete (Elops affinis). The studied area is close
to the sea (approximately 3 km), and two estuarine systems
(Huizache-Caimanero and Teacapan). Although there is no
direct connection to these during the flooded period there are
indirect connections. The closest is approximately 13 km to the
north (Huizache-Caimanero), and the other is 20 km to the
south (Teacapan), so there is the potential of estuarine species
to find its way to the studied system, which occurred after the
road was removed, as the number of species as well as the
diversity increased, and the relative presence of both tilapias
species decreased.

Nevertheless, the richness and diversity were low in both zones
and both periods when compared with values observed in nearby
systems [Huizache-Caimanero: species richness 61, Shannon
diversity 4.0; Teacapan: species richness 51, Shannon diversity
3.8; (Amezcua et al, 2019)]. Previous studies indicate that a
lower richness and diversity in similar sites is associated with
the physiological limits of the species by salinity and dissolved
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oxygen (Okada et al., 2003). Although the conditions of the water
improved with the removal of the road the water quality was
still not optimal.

After the removal of the road however, there was an increment
in diversity and richness. This increase might be related to rise in
the volume of the water due to new hydrological connectivity,
which is also related to the diversity and richness (Amezcua
et al, 2019). Bayley (1995) pointed out the importance of
the influence of the hydrological connectivity in the floodplain
for the maintenance of biological and physical diversity.
Furthermore, with the floods, there is a higher inundation
which brings a greater amount of food and shelter for the fish
(Welcomme, 2001).

Biodiversity is often used for assessing the success of
the hydrological connectivity. However a single metric for
quantifying the connectivity might be not enough, as there
are more complex interactions occurring in the floodplains
(Amoros and Bornette, 2002). Other factors such as connection
frequency or the water body permanency, the intensity, degree,
and duration of hydrological connectivity, etc., can strongly
affect the biological characteristics of the aquatic environment
(de Macedo-Soares et al., 2010), therefore analyzing the structure
of the fish assemblage and its spatiotemporal changes might
better reflect the success of an increase in hydrological
connectivity. To do this assessment, a multivariate analysis
was performed, and the results clearly reflected significant
differences between sites, years, and months. The distance-
based redundancy analysis clearly shows these changes, as clear-
cut groups were formed depending on the site and year, and
a change is observed regarding the sampling month. Before
and after the road was removed seasonal changes occurred
in both sites. This is likely related to the decrease in water
quality as the time passed, because the temperature and salinity
increased, whilst the depth and dissolved oxygen decreased,
therefore, at the end of the sampling regime, only species that
were able to withstand these harsh conditions were able to
remain there. However, these changes might also be related to
the specific biological rhythm, foraging ecology, and behavior
of each species, besides the variability in hydrological terms
(Dantas et al., 2012). The removal of the road had a significant
influence in the fish assemblages in the treatment area, because,
as pointed out before, species able to withstand these harsh
conditions, such as Dormitator latifrons, were not recorded
before the road was removed. Before the road was opened
the low degree of hydrological connection in the environment
probably promoted spatial heterogeneity and environmental
gradients that shaped the structure of the fish assemblages
according to tolerances of individual species (de Macedo-Soares
et al, 2010). This would explain why during 2011, and in
both periods in the control zone, there were fewer species, and
the fish assemblage was dominated by poecilids and cichlids
(tilapias), with an important presence of exotic species. On
the other hand, enhanced hydrological connectivity which was
based on the road removal implied a higher number of species,
because the opportunity of movements within the system was
enhanced, and they could easily move through the system.
A larger area of the wetlands flooded implies more time that

the fish can spend in the system and benefit from the wetland’s
services. Previous studies in similar environments have also
documented that an increase in the connectivity also increases
the number of fish species (Petry et al., 2003; Lasne et al., 2007;
Sheaves et al., 2007).

Hydrological connectivity can also influence the trophic
structure. Based on the food web theory, larger ecosystems
support longer food chains because they have a higher
species diversity and habitat availability (Post et al., 2007).
Hydrological connectivity after the road was removed made
the patches in the aquatic habitat more frequently connected,
which may contribute to longer food chains, as opposed to
habitats which are infrequently connected. This enhanced the
higher species richness and diversity, which might explain
the absence of species such as Dormitator latifrons prior
to the road being removed; being able to withstand harsh
conditions might not be the only factor that determines
the presence of certain species, but aspects such as the
availability of food are also important. This also might be
the reason why different fish species appeared after the road
was removed, as the connection and the general habitat
complexity might have increased as a consequence of the
removal of the road.

Floodplains are today amongst the most threatened ecosys-
tems, and for the preservation and the enhancement of native
fishes it is essential to recognize the factors that influence
the ecological functions of this ecosystem. The key for the
conservation of the floodplain system and its biota is the
understanding and maintenance of connectivity pathways. Our
results show that limited hydrological connectivity and flow
is a factor which relates to a diminishing of the abundance
and diversity of the aquatic biota, the distribution of native
fish, and favors the presence of exotic species such as tilapia,
as previous studies have highlighted (Lasne et al., 2007). The
fish assemblages have seasonal variations, and it is likely that
in similar conditions the fish species composition is prone to
variation among years; therefore there is a need to focus on
the drivers of diversity of assemblages to understand the habitat
function and improve the conservation and the management.
It has been suggested that the alteration of the flow in the
system could lead to the loss of the floodplain habitat and
a decrease of the taxonomic and functional diversity (White
etal., 2012). Our results precisely indicate that poor connectivity
is associated with lower diversity, which also implies a more
reduced and simple trophic structure, while an increase in habitat
connectivity incrementally increases the abundance of a diversity
of fish, and also seems an important factor to help the presence
of native species.
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