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Abstract: Differences in fish assemblages” composition and their relationship with the environmental
variables were analyzed in the Urias estuarine system, Mexican North Pacific. Environmental
variables and fish catches were recorded bimonthly between June 2018 and November 2021, including
a period before and during the COVID-19 pandemic. Multivariate analyses were performed in the
studied area to define zones based on their environmental, biotic, and abiotic characteristics and
the effect of these on the fish assemblages. Two zones were identified, an estuarine with mangrove
forest and a surf zone in the coastal area outside the estuarine system. Fish composition, biomass,
and diversity (o and () were evaluated among the factors of the period (before-during COVID-19),
climatic seasons, and zones. A total of 5947 fish individuals of 41 species were collected using
beach seines as fishing gear. The structure of the fish assemblages was different between zones and
periods. Abiotic (temperature, salinity, and total matter suspended), biotic (mangrove area), and
temporal (season and period before-during COVID-19) variables had an effect on fish biomass and
« diversity, while the results of the 3 diversity only indicate changes in the nestedness component
before—during the lockdown. These results indicate a change in fish assemblages’ structure and
composition between periods, which might be a consequence of the limitation of human activities
derived from the pandemic, climatic changes, or a combination of both effects. Our results show that
fish assemblages in the estuarine systems of the Tropical Eastern Pacific are unique, and there is a
need to establish local management strategies for these ecosystems.

Keywords: mangrove forests; COVID-19; «-diversity; 3-diversity; generalized additive models

1. Introduction

Tropical coastal and estuarine systems support diverse communities and high biomass
at different trophic levels, making them among the most productive ecosystems world-
wide [1,2]. These coastal ecosystems host multiple species of fish that use them to feed,
reproduce, and act as nursery habitats [3]. Besides that, these ecosystems are usually
an essential source of protein for human populations and an utmost economic resource,
especially for developmental emerging countries [4].
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The ichthyofauna in these systems is affected in two ways. Firstly, human activities can
negatively affect fish communities and alter the natural functioning of aquatic ecosystems
through stressors on the systems [5]. Secondly, constant fluctuations in environmental
factors (precipitation, tidal regime, temperature, salinity, etc.) affect the diversity and
density of fish in tropical coastal systems [6-8]

In the first case, the stressors can be direct, such as overexploitation of fishing resources,
or cumulative, such as diffuse effects of habitat degradation associated with chemical alter-
ations throughout a watershed (e.g., point source contaminant loads and nutrient transport
disruption) leading to an abrupt increase in nutrient content and various xenobiotic ele-
ments (i.e., eutrophication) [5]. In the second case, fish abundance and diversity are altered
as a consequence of changes in the annual rainfall and river discharges induced by phe-
nomena such as El Nifio, La Nifia, and the Pacific Decadal Oscillation (PDO), exacerbating
the effects of sea level rise and changing the biogeochemical properties of the water [9].
As a result, these ecosystems are highly vulnerable to the effects of human impacts and
climate change [10].

It has been recognized that aquatic ecosystems respond positively to decreases in stress,
and this reflects in the biodiversity [5]. As a result of the global pandemic by COVID-19
declared by the World Health Organization on 11 March 2020, a drastic reduction in human
activities occurred [11], which in turn resulted in a reduction of different stressors leading
to a sudden drop in carbon and nitrogen dioxide emissions, improvements in water quality,
decrease in pollution by anthropogenic waste, and reduction of acoustic pollution [12-15],
which in turn resulted in the increase in aquatic biota [16].

In the Mexican North Pacific, preventive measures due to the pandemic led to the
total or random closure of small-scale fishing, tourism, and port trade [17], thus affecting
the socio-economic activities in the area. Estuarine systems in this region support small-
scale fisheries from demersal and benthopelagic species of local and regional commercial
importance [18,19]. For the specific case of the Urias estuarine system, small-scale landings
of fish did not increase during the anthropause, despite a steady increase of more than
10,000 metric tons per year, since 2016. A total of 169,887,307 tons were landed during
the anthropause compared to 168,651,288 tons landed in 2019 and 179,412,604 tons in
2021 when all the activities resumed [18,20]. Also, the cruise tourism sector had to face a
suspension of activities of up to 12 months during the confinement [21], while maritime
trade had a drastic drop of —7.4% compared to 2019 [22].

Fish composition, and therefore fish landings in the Urias estuarine system, changed
seasonally due to its location at the Sinaloan Gap, which is a transition zone separating the
temperate Cortez and the tropical Mexican biogeographic provinces [23], and as a consequence,
the climatic events that change the water temperature can affect the fish assemblages in this
system. Hence, this work aimed to determine if there were changes in the fish assemblages
of the Urias estuarine system and the contiguous marine area, through the comparison of
abundance, biomass, « (Hill numbers), and f diversity (turnover and nestedness) from 2018
to 2021, and if this variation could be related to the reduction of socio-economic activities due
to the anthropause. We hypothesized that fish abundance, biomass, and diversity increased
from 2018 to 2021, due to the global and local reduction/stability of socio-economic activities
(e.g., trade, tourism, small-scale fishing) during the COVID-19 lockdown.

2. Materials and Methods
2.1. Study Area

The studied area was the estuarine system of Urias and the adjacent surf zone at the
entrance of the system denominated Isla de la Piedra on the northwestern coast of Mexico
(Figure 1). Urias is a type Il estuarine system (tide-dominated estuary) communicated in its
northern part through an inlet to the Pacific Ocean [24]. It is populated by red mangrove
(Rhizophora mangle), white mangrove (Laguncularia racemosa), and black mangrove (Avicennia
germinans), with an average coverage of 1153 ha, leading to high biological diversity and
a complex food chain [18,25,26]. This coastal system has average values of depth of 3 m,
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temperature of 25 °C, salinity of 33, rainfall per year of 812 mm, annual evaporation of
1500 mm, and water replacement time of 5.5 to 6.5 days. The main contribution of fresh
water to this system comes from surface runoff and from the small streams located in the
highest part of the coastal lagoon, which includes a group of tidal channels that present a
coefficient runoff of 14.24% with a daily natural surface runoff of 135,488 m? [27].
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Figure 1. Urias estuarine system (red dot) in the Mexican North Pacific. White circles and blacktrian-
gles indicate the sampling stations at the studied zones.

2.2. Sampling Design

A suite of sampling stations was placed along different beaches in the studied area,
including both environments found in the system (estuarine and surf zone; Figure 1). At
each station, the date, time, the abiotic variables of temperature (°C), and salinity (%o) were
recorded with a Horiba U-50 Series multiparameter water quality checker.

Fish were collected at each sampling station using an 80 m-long by one-meter width
beach seine net with a mesh size of 1 cm. Since the depth at each sampling station was <2 m,
the trawling was carried out from the beach, covering a total area per haul of ~120 m? multi-
plied by the number of hauls made at each sampling station to calculate the actual sampled
area. After each sampling endeavor, the collected organisms were iced and transported to
the laboratory. Fish were identified to species level [23,28], and the biometric measurements
of total length (TL) and total weight (PT) were recorded using an ichthyometer (+0.05 mm)
and a digital scale (0.01-200 g + 0.001). Samples were collected bimonthly during the morn-
ing hours from June 2018 to November 2021, which included two pre-COVID-19 pandemic
years (2018-2019) and two years during the COVID-19 pandemic restrictions (2020-2021).

To assess if the anthropause affected turbidity, we obtained the total suspended matter
(mg/L) as it is a good indicator of the anthropogenic impact on coastal systems. This was
obtained by downloading Sentinel-2 multispectral images from the official website of the
European Space Agency https:/ /scihub.copernicus.eu/ (accessed on 1 March 2022). Image
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dates correspond to the field campaigns using the specific field-of-view T13QCF. Then, each
image was selected in a 2A format with the atmospheric correction algorithm (sen2cor).
Each of the Sentinel-2 images was imported into the free SNAP software that extracts the
band b5 (red-edge 704 nm), the area of each sampling site (10 x 10 m), and calculates the
total suspended matter (mg/L) using the methodology of Mishra and collaborators (2021)
for water quality monitoring in coastal areas [29].

The studied area was divided into zones according to abiotic, biotic, and geomorpho-
logical characteristics. Biotic characteristics included the water total suspended matter
(mg/L), and the mangrove extension and height. Mangrove forest extension was quantified
using a 200-m constant vector shape in front of the sampling station over a freely available
Google Earth image. Mangrove height was calculated using a portable Vertex Laser VL400
hypsometer to estimate average values per species.

With the abiotic, biotic, and geomorphological information, two zones were estab-
lished: (1) Estuarine zone: which includes a tidal channel and a lagoon zone. The tidal
channel is characterized by an estuarine beach with a mean depth of 1.5 m, strongly influ-
enced by the cycle of semi-diurnal tides of the Pacific Ocean, and bordered by marginal
black mangrove (A. germinans) with an average height of 3 m and extension of 1.5 ha. This
area receives the highest human impact because it receives residual discharges from the
city and industrial zone of Mazatlan, and it is the site with the highest traffic of ships
(fishing, commercial, and tourist). The lagoon zone is distinguished by an estuarine beach
with a mean depth of 1.5 m, influenced by freshwater inputs, and bordered by fringe red
mangrove (R. mangle) with an average height of 5 m and extension of 0.17 ha. This zone is
the most “conserved” in terms of mangrove forest and receives less anthropogenic impacts
from the city and industry because it is further away. (2) Marine surf zone: represented by
a coastal beach with a mean depth of 2 m, adjacent to the estuarine system of Urias with a
direct connection with the Pacific Ocean, and high effect of littoral currents, tidal forces,
and waves from local wind. This zone is only impacted by beach tourism and small-scale
coastal fishing.

Comparisons between fish diversity were made using the factors zones (estuar-
ine and marine surf zone) as spatial variables; period (pre-COVID-19 2018-2019 and
during-COVID-19 restrictions 2020-2021), and season ([11] (DC) Dry-cold, December to
March; (DW) Dry-warm, April to June; (RW) Rainy-warm, July to November) as temporal
variables [18].

2.3. Analysis of Environmental Data

Differences in temperature (°C), salinity, and total suspended matter (mg/L) between
the zones were analyzed for every season using a one-way ANOVA. Cochran’s C test
was used for homogeneity of variance, and Tukey’s HSD test was used for pairwise mean
comparison in case of significant results.

To determine spatiotemporal variations in zones according to their environmental
characteristics (salinity, water temperature, total suspended matter, mangrove area, and
height), multivariate analyses (PERMANOVA and PCoA) were performed according to
the aforementioned factors (zone, period, and season). Since environmental data involve
multiple variables measured on different scales, a normalization procedure was applied,
transforming each variable into a mean of 0 and a standard deviation of 1. Pearson’s
correlation coefficients and corresponding p-values were tested using the RStudio “cor”
function, to determine statistically significant correlations between environmental variables.
If significant correlations were found, data were fourth-root transformed, and the analysis
was rerun until the correlation was not significant. Afterward, a similarity matrix of envi-
ronmental data between sampling stations was constructed using the Euclidean distance.

A permutational multivariate analysis of variance (PERMANOVA) was performed on
the similarity matrix [30] to test the Hy: the period before-during the COVID-19 pandemic
is not different despite differences between the environmental factors analyzed, with a
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significance of p < 0.05. A Bonferroni test was applied by dividing « (0.05) by the number
of comparisons to reduce type I error.

In case of statistical differences, a principal coordinate analysis (PCoA) was performed
to visualize how the different sampling stations or periods clustered. This analysis allowed
us to determine which features best explained cluster separation through a two-dimensional
scatterplot and the environmental characteristics of each sampling station overlaid as
vectors. The importance of a given environmental factor in the groups of sampling stations
is indicated by the trajectory of the vector, so both axes have a scale from -n to n, with a
centroid of value 0,0 where all the points should be if the null hypothesis was true [31].

2.4. Analysis of Fish Assemblages

The similarity between fish assemblages at each zone, season, and period was calcu-
lated based on biomass per species. To avoid variations among fishing operations, biomass
data of each haul were standardized as Catch per Unit of Effort (CPUE) by dividing the
number of organisms caught in each fishing operation by the swept area (i.e., the length of
the net multiplied by the distance hauled) [32]

Randomized species accumulation curves were performed to determine if the samples
adequately represented the species composition in the studied area. Samples were random-
ized 1000 times using Chao’s 2 estimator, which depends on the number of species found
in a sample [33] and estimates the number of species considering the species distribution
between samples and the possibility of finding new species, taking into account the rare
species. Its arithmetic notation is:

Q3
Sest = Sops + | 2L
est o <2Q2

where S, is the estimated number of species, S, is the observed number of species in the
sample, Q1 is the number of species that occur in one sample only (unique species), and Q»
is the number of species that occur in two samples [34].

Spatiotemporal differences in fish assemblages were tested using hierarchical multi-
variate analyses with period, season, and zone as levels. A matrix containing j columns
(seine-hauls) and i lines (species) was created. From this, a Bray—Curtis similarity matrix
was generated, where each zone was considered a replicate within each season and period.
To test the Hj that fish assemblages did not differ according to the environmental factors, a
PERMANOVA was used with a fixed factor (model type I), and its statistical significance
was tested using a type III sum of squares, with 10,000 unrestricted permutations of raw
data [30]. A permutation test was conducted to examine the homogeneity of species com-
position between zone, season, and period using the PERMDISP routine from PRIMER
7. To determine if periods, seasons, and zones differed, pairwise tests were performed by
applying a Bonferroni procedure to correct multiple comparisons.

To identify the environmental variables that affected the variation of fish assemblages
between periods, seasons, and zones, a distance-based linear model permutation test
(DistLM) was performed, meeting the assumption of this analysis (the number of samples
was higher than the number of variables) [35,36]. In this analysis, the variation in the data
is partitioned and displayed as a resemblance matrix calculated by multiple regression
models [36]. Additionally, a marginal test shows the amount of variation explained by
each variable, ignoring the other variables, and a sequential test (forward direction) selects
individual variables based on the Akaike information criterion (AIC). The lowest AIC
values indicated the parsimonious model (the best combination of environmental variables
that explain fish assemblages’ composition), and the proportion of explained variation
attributed to each variable is added to the model as a function of the other variables already
present [35]. Based on the parsimonious model selected, a distance-based redundancy
analysis (dAbRDA) was conducted to visualize the relationship between environmental
variables and fish assemblages’ composition. To determine which species accounted
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for most of the dissimilarities among the spatiotemporal compositions, a similarity of
percentages analysis (SIMPER, Bray—Curtis index, and cutoff at 90%) was used [37,38],
thereby identifying characteristic species for each system.

Once the factors contributing to the observed differences in fish assemblages were
identified, ax-diversity indices were computed based on haul-specific species biomass data
standardized by the CPUE. The « diversity was estimated using Hill numbers or effective
species numbers (7D), which are the number of equally likely elements needed to produce
the given value of the diversity index [39,40]. The selected indices were: order 0 or species
richness (’D), which gives disproportionate weight to rare species because it is not sensitive
to the biomass of the species; order 1 or exponential of the Shannon entropy (D), sensitive
to the number of common species in the community since the influence of each species
depends on its biomass in the sample; and order 2 or inverse concentration of Simpson
(’D), sensitive to the number of dominant species in the community since it favors species
with high biomass [39-41]. Differences between these indices according to the contributed
factors were analyzed using factorial ANOVA. Homoscedasticity of variances was checked
using Cochran’s C test, and if significant differences were found, pairwise comparisons
were performed using a Tukey HSD test [42].

Hill numbers and biomass values were used as response variables in Generalized
Additive Models (GAM), which replace the linear form ¥B;X; with a sum of smooth
functions 25,(X;), where the Sj()’ s are unspecified functions estimated using a scatterplot
smoother in an interactive procedure called a local scoring algorithm [40]. In contrast,
explanatory variables were the environmental factors that affected the fish assemblages’
composition according to the previous multivariate analyses (period, season, temperature,
salinity, total matter suspended, and mangrove area). According to the behavior of the
data, the binomial probability distribution was used with a logit link function (biomass,
and Hill numbers D and D), and Gaussian with a natural logarithm link function in the
case of species richness.

The biomass per species matrix was transformed to a presence matrix to calculate
the local contribution of each sample to both components of 3-diversity (turnover and
nestedness), using the Jaccard dissimilarity coefficient [43]. Parametric statistical tests
were undertaken in STATISTICA 12 (StatSoft Inc. Tulsa, OK, USA). Multivariate analyses
and species accumulation curves were completed using PRIMER 7 with PERMANOVA
(PRIMER-e, serial no. 7875) [30,35]. a-diversity, Hill numbers, and {3-diversity compo-
nents (turnover and nestedness) were estimated using the function “beta.div.comp” of
the package “adespatial” [44,45], and GAM were performed using the “mgcv” package in
R [46].

3. Results
3.1. Analysis of Environmental Data

Marked seasonal differences were found in water temperature according to the estab-
lished climatic seasons, as it was significantly lower during the DC season (23.94 4= 1.01 °C),
followed by the DW season (27.7 4= 1.06 °C) and the RW season (32.52 + 0.74 °C; F(y 17) = 53.38,
p <0.05). In contrast, no significant differences among seasons were found for salinity and total
suspended matter. Additionally, no significant correlations were found among environmental
variables after normalization (Pearson’s correlation coefficient = 0.53, p > 0.05).

Based on environmental data, significant differences for the factor period (pseudo-
F(1,19) = 3.90, p = 0.002) and zone (pseudo-F; 19) = 7.68, p = 0.001) were revealed by PER-
MANOVA. In contrast, no significant differences were found between climatic seasons
(pseudo-F(3 19) = 1.94, p > 0.05). Differences between zones were displayed in the PCoA
graph (Figure 2), where the sampling stations exhibited horizontal separation (PCO1 ex-
plained 38.9% of the variation) and vertical separation (PCO2 explained 27.5% of the
variation). According to the period, suspended sediments and temperature were relevant
prior to the COVID-19 pandemic and then decreased during the anthropause, while salinity
was relevant during the COVID-19 pandemic when this parameter increased and also was
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related to the separation between the surf area and the areas inside the coastal lagoon.
According to zones, the relevant factors were the mangroves’ presence in the estuarine
areas but absence in the surf zone. (Figure 2).
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Figure 2. Principal coordinate analysis (PCoA) plot showing relationships between environmental
and spatiotemporal variables.

3.2. Analysis of Fish Assemblages

A total of 5947 fish individuals were collected, corresponding to 41 species, being the
most important in terms of biomass the striped herring Lile stolifera (28.57%), the California
halfbeak Hyporhamphus rosae (16.73%), the white mullet Mugil curema (9.88%), and the
Pacific crevalle jack Carax caninus (9.40%). The estuarine zone was characterized by high
biomass of the striped herring L. stolifera (59.48%), followed by the mullet M. curema (17.45%)
and the dark-spot mojarra Eucinostomus entomelas (4.83%). In contrast, in the surf zone, the
highest biomass corresponded to the California halfbeak H. rosae (38.3%), followed by the
Pacific crevalle jack C. caninus (20.97%), and the yellowfin herring Pliosteostoma lutipinnis
(13.34%). The remaining species represent less than 27.4% of the total biomass (Table 1).
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Table 1. Abundance (a) and biomass (b, g/m?) of the fish species in the Urias system in the period
2018 to 2021 per zone. EZ = estuarine zone, SZ = surf zone, T = total for both zones combined.

Family Species aEZ aSZ aT bEZ bSZ bT
Elopidae Elops affinis 10 1 11 431 1.01 5.33
Pristigasteridae Pliosteostoma lutipinnis 0 101 101 0 17.53 17.53
Opisthopterus dovii 0 215 215 0 2.19 2.19
Engraulidae Anchoa naus 5 0 5 0.1 0 0.1
Anchoa walkeri 0 65 65 0 1.54 1.54
Clupeidae Harengula thrissina 0 8 8 0 0.97 0.97
Lile stolifera 2930 0 2930 115.61 0 115.61
Opisthonema libertate 0 3 3 0 0.06 0.06
Poeciliidae Poeciliopsis latidens 5 0 5 0.001 0 0.001
Gobiidae Ctenogobius sagittula 13 1 14 0.09 0 0.09
Gobiosoma paradoxum 9 0 9 0.02 0 0.02
Rhinogobiops nicholsii 5 0 5 0.006 0 0.006
Mugilidae Mugil curema 93 10 103 33.92 4.36 38.28
Mugil cephalus 40 0 40 2.18 0 2.18
Cichlidae Oreochromis sp. 1 1 2 0.015 0.015 0.03
Atherinopsidae Leuresthes sp. 77 92 169 0.13 0.30 0.43
Atherinella sp. 1 0 1 0.002 0 0.002
Carangidae Caranx caninus 9 799 808 1.31 27.69 29.00
Oligoplites saurus 1 0 1 0.13 0 0.13
Oligoplites refulgens 2 15 17 0.04 0.15 0.19
Selene brevoortii 0 1 1 0 0.1 0.1
Trachinotus kennedyi 0 9 9 0 0.22 0.22
Trachinotus paitensis 6 60 66 0.36 2.04 2.40
Hemiramphidae Hemiramphus saltator 0 1 1 0 0.09 0.09
Hyporhamphus rosae 5 494 499 0.59 50.34 50.93
Belonidae Tylosurus pacificus 0 1 1 0 5.08 5.08
Cyclopsettidae  Citharichthys gilberti 1 0 1 0.02 0 0.02
Gerreidae Diapterus brevirostris 0 5 5 0 0.1 0.1
Eucinostomus dowii 74 0 74 3.95 0 3.95
Eucinostomus currani 59 7 66 2.76 1.13 3.88
Eucinostomus entomelas 286 0 286 9.39 0 9.39
Eucinostomus gracilis 195 0 195 7.11 0 7.11
Gerres simillimus 12 0 12 7.37 0 7.37
Haemulidae = Rhencus macracanthus 6 0 6 0.18 0 0.18
Lutjanidae Lutjanus argentiventris 3 0 3 0.52 0 0.52
Lutjanus colorado 6 6 12 2.25 8.48 10.74
Lutjanus novemfasciatus 1 0 1 2.02 0 2.02
Scianidae Menticirrhus elongatus 0 32 32 0 1.57 1.57
Umbrina xanti 0 47 47 0 297 2.97
Polynemidae Polydactyls 0 115 115 0 3.88 3.88
approximans
Polydactylus opercularis 0 2 2 0 0.23 0.23

In terms of total abundance, the striped herring L. stolifera (49.21%), the Pacific crevalle
jack C. caninus (13.57%), and the California halfbeak H. rosae (8.38%) were the most relevant.
In the estuarine zone, the most abundant species were the striped herring L. stolifera
(75.95%), the mojarras E. entomelas (7.41%), and E. gracilis (5.05%). The most abundant
species in the surf zone were the Pacific crevalle jack C. caninus 38.12%, the California
halfbeak H. rosae (23.57%), and the Dove’s longfin herring Opisthopterus dovii (10.26%).
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The sample-based rarefactions using the Chao 2 model showed that the sampling
effort was representative of both studied zones (Figure 3), with equal values between
potential and observed species for both systems.

EmEmaS

——-E-Chao2
——S-Obs = seeeee- S-Chao2

- 6 8 10 12 14 16
Samples

Figure 3. Observed and estimated fish species accumulation curves for the studied zones. E-Obs:
observed species in the estuarine zone. S-Obs: observed species in the surf zone. E-Chao2: estimated
species in the estuarine zone. S-Chao2: estimated species in the surf zone. Estimated species were
calculated using Chao’s 2 estimator based on presence/absence data.

PERMANOVA results showed significant differences in fish assemblages” compo-
sition between periods (pseudo-F(; 19 = 1.83, p < 0.05) and zones (pseudo-F(, 19) = 2.79,
p < 0.05) (Supplementary Material Table S1), but no differences were found between seasons
(pseudo-F(y,19) = 1.38, p > 0.1). According to PERMDISP, the composition of the fish groups
was homogeneous among the factors; that is, the data were only influenced by position
effects according to the significance of the PERMANOVA test.

The DistLM marginal test (Supplementary Material Table S2) indicated that mangrove
height and area were the most important predictors for fish assemblages’ composition.
This pattern was exhibited in the dbRDA plot, which showed a clear aggrupation of
fish assemblages according to the factors, explaining 74.7% of the variation. Most of the
variation in the fitted model is explained by the horizontal axis (56.9%), which relates to the
mangrove height and coverture. The fish assemblages in the estuarine zone were grouped
to the right and separated from the sampling stations of the surf zone to the left (Figure 4).
The vertical axis explained 17.8% of the variability in the fitted model, and it is related
to variables that were not significant in the marginal test, such as salinity, temperature,
and total suspended matter. However, these abiotic and biotic variables determined the
separation of the fish assemblages on the vertical axis of the graph according to the period
before—during the COVID-19 pandemic, which agrees with the significant differences in
biomass obtained in PERMANOVA concerning this period (Figure 4).
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Figure 4. Distance-based redundancy analysis (dbRDA) plot performed from the distance-based
linear model permutation test (DistLM) that describes the aggrupation of sampling stations due to
its fish assemblages’ composition. Vectors indicate environmental variables with significant effect,
markers correspond to studied zones (estuarine and surf zones), while the dotted line divides samples
in the previous (2018-2019) and during (2020-2021) COVID-19 restriction periods.

SIMPER indicated that the Average Dissimilarity (AD) between the estuarine and surf
zones was 68.34%. But when analyzing specific regions, this number changed considerably;
the AD between the surf zone and the tidal channel was 0.49%, and between the surf
zone and the lagoon zone was 88.8%. The fish species contributing prominently to the
aggrupation of sampling stations of the surf zone were pelagic species such as the California
halfbeak H. rosae, the Pacific crevalle jack C. caninus, the pompano T. paitensis, and the
bobo P. aproximans. For the estuarine zone, fish species from benthopelagic and demersal
habitats such as the striped herring L. stolifera, mullets M. curema, mojarras (E. currani, E.
entomelas, E.gracilis.), snappers (L. argentiventris, L. Colorado, and L. novemfasciatus), and the
Pacific ladyfish E. affinis, contributed to the separation of these habitats.

Regarding spatiotemporal factors, the AD between the periods before-during COVID-19
was 84.36%. In the surf zone prior to the COVID-19 pandemic, fish species such as the
Pacific crevalle jack C. caninus, the bobo P. aproximans, the pompano T. paitensis, and the
croaker M. elongatus were representative. In contrast, during pandemic restrictions, the
California halfbeak H. rosae, the Pacific crevalle jack C. caninus, and the yellowfin herring
P. lutipinnis dominated. In contrast, for the estuarine zones in pre-COVID-19 years, snapper
L. Colorado, and mojarras (E. entomelas and G. simillimus) were representative, while the
period during COVID-19 restrictions was characterized by the high presence and biomass
of mullet (M. curema), striped herring L. stolifera, mojarra E. currani, and Pacific ladyfish
E. affinis (Supplementary Material Table S3).

For the a-diversity indicators, no significant differences were found according to the
factors analyzed (period, season, and zone) or their interactions. ’D values varied from
3 in the surf zone at the DWS during the COVID-19 pandemic period to 13 in the same
period at the estuarine system during the RWS season; however, no significant differences
were observed (p > 0.1). 1D also exhibited no significant differences (p > 0.1), with values
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from 1.4 at the estuarine system at the DWS during the COVID-19 restrictions, to 6.4 in the
same system and period, but during the RWS season. 2D showed no significant differences
(p > 0.1), but variation in its values, from 1.17 at both zones during the pandemic at the
DWS and DCS, to 5.52 at the estuarine system at the RWS during COVID-19 restrictions.

According to the GAM, abiotic (temperature, salinity, and total matter suspended),
biotic (mangrove area), temporal (season and period), and spatial (zone) variables affected
fish biomass and diversity (Table 2). First, fish biomass was better explained by the
variation in water temperature, mangrove area, and the period before-during the COVID-19
pandemic, with deviance explained at 58.3%, but only the former had significant differences.
However, the period factor was kept in the model because if removed, the obtained
explained deviance was 47.7%, and the factor’s temperature and mangrove extension lost
significance. A similar situation occurred with the variables that were not significant in the
richness model (Supplementary Material Table S4 and Figure S1).

Table 2. A summary of GAM used. * indicates statistically significant results. DV = deviance
explained, AIC = Akaike information criterion, R? = coefficient of determination. ’D = Hill number
order 0, 1D = Hill number order 1, 2D = Hill number order 2.

Response Variable Select Variables % DV AIC R?
Biomass s(Temperature) * + Mangrove area * + Period 58.3 149.05 0.465
oD s(Salinity) * + Season + Zone 61.1 86.07 0.447
D s(Total matter suspended) + Season 52.4 76.89 0.424
’D s(Total matter suspended) + Season 49.5 71.59 0.386

Second, for species richness ("D), the analysis showed that salinity gradient, season,
and zone affected this indicator. Still, only the first was significant, probably due to inter-
intra-annual seasonality (Supplementary Material Table S5 and Figure S2). Third, for
diversity D, the GAM showed that total suspended matter and season (deviance explained
52.4%) affected this indicator, but no statistical differences were found (Supplementary
Material Table S6 and Figure S3). Finally, 2D seems better explained by total suspended
matter and season, but no statistical differences were found (Supplementary Material
Table S7 and Figure S4).

For -diversity, the nestedness component (species richness differences) and the spa-
tial turnover (species replacement) did not show significant differences between zones
(FBjne 217) = 0.159, p > 0.1; Fpjry 2,17) = 0.757, p > 0.1) or seasons (Fgjne 2,17) = 0.397,
p = 0.678; Fgjtu 2,17) = 1.65, p = 0.221). The nestedness component was different according
to the period (tgine (18) = 1.239, p < 0.05), but the spatial turnover during this period was not
different (tﬁjtu (18) = —0.96865, p> 01)

4. Discussion

With the emergence of the COVID-19 pandemic, which triggered a decrease in many
human activities worldwide, the effect of this event on biodiversity began to be studied [45-47].
Our study is the first analysis of changes in fish assemblages in a tropical estuarine system
before and during this event in the Tropical Eastern Pacific.

4.1. Environmental Data and Habitat Characteristics

The measurement of physical, biological, and other environmental variables allowed
us to identify zones within the studied system and temporal patterns. Within the estuarine
system, the lagoon zone is bordered by tall red mangrove areas reduced by contiguous
aquaculture ponds [27]. In contrast, the tidal channel is bordered by large areas of short
black mangroves. Its reduced height is due to the stress induced by the higher salinity
within this area and attributed to the large human settlements nearby [27,47,48]. Outside
the system, the surf zone lacks vegetation and has a high connection with the estuarine
system due to its location near the inlet.
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The seasonal changes are related to the fluctuations in temperature and rain, causing
lower temperatures and total suspended matter but high salinity during the DC season,
higher total suspended matter and temperature and higher salinity during the DW season,
and higher temperatures and total suspended matter, but lower salinities during the RW
season. At the beginning of the rainy season, surface runoff of freshwater increases, causing
a considerable amount of freshwater to enter the estuary and the ocean, provoking a
decrease in salt concentration and an increase in total matter suspended dragged by the
rains, while during the dry seasons, the total matter suspended dragged into the system
decreases and salinity increases due to the increase in evaporation and the entry of seawater
into the system [49,50]. However, the seasonal changes were not important when defining
the spatiotemporal changes observed in the studied area, probably due to the shortness of
the time series analyzed, which precluded us from finding significant results.

Multivariate results indicated that changes occurred in the total suspended matter,
which was lower during the pandemic than before the closure, and the salinity, which was
higher during confinement compared to the period before the pandemic. These results point
to an effect of the COVID-19 pandemic on these factors. Previous studies have reported
that during the anthropause, the levels of total suspended matter and total suspended
solids decreased abnormally during confinement on some coasts of the world [51-53],
thus improving the quality of the water, which is consistent with our research since the
total suspended matter was significantly lower during the pandemic period; therefore, we
attribute this effect to the probable decrease in wastewater discharges from the industrial,
tourist, and fishing sectors into the Urias estuarine system during the contingency.

Concerning the behavior of the salinity and temperature, Shehhi et al., 2021 [54]
mention that there was a cooling of 0.5 °C in the average surface temperature of various
coastal areas dung the anthropause, while Sala et al., 2022 [55] mention that in this period
there were also slightly higher salinities that are attributed to the decrease in wastewater
discharges of the tourism sector, which also agrees with our results. Likewise, studies in
other oceans have highlighted that as a consequence of the lockdown, the concentrations of
nutrients, microplastics, and heavy metals decreased in the studied area [53,54]. Still, in the
present study, those parameters were not assessed.

It is necessary to point out that our study period coincides with a change from a weak
El Nifio event, which occurred before the pandemic (2018-2019), to a moderate La Nifia
event during 2020-2021 [56]. As such, the observed changes could also be related to these
oscillations, as the pre-pandemic years had higher temperatures and higher precipitation
as a result of El Nifio, which resulted in lower salinities and higher total matter suspended
because of the runoff. In contrast, the period during the pandemic lockdown showed
lower temperature, as a result of La Nifia, and also total suspended matter, but higher
salinity, which can be explained by the decrease in the temperature and the rainfall, causing
droughts, which in turn increases the salinity and decreases the total matter suspended [56].
Unfortunately, we cannot confidently say whether the changes observed in environmental
variables during the pandemic result from a joined effect of climatic variables and con-
finement since we did not study on a broader time scale where we could better observe
these effects. Additionally, during 2021, the environmental variables tended to return to
the values they presented before the pandemic, which could not be explained by climatic
events, but probably by the reactivation and reopening of some socio-economic activities.

4.2. Fish Assemblages

According to the rarefaction model used, the species found in both the mangrove and
surf zone adequately represented the fish species in the habitats analyzed within the system.
In terms of species composition and biomass, the estuarine system is mainly inhabited by
small pelagics and demersal species [18]; the typical estuarine conditions in this zone seem
to favor the presence of estuarine resident species like L. stolifera and other regular visitors
of these zones such as Gerreidae and Lujanidae. In contrast, the surf zone was inhabited by
typical marine species that use this area as a nursery and refuge, as well as some predators
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that probably take advantage of the high abundance of juvenile organisms, such as the
Pacific needlefish, T. pacificus, and other species of large jacks and pompanos eventually
found in this zone.

Multivariate analyses allowed us to determine that the fish assemblage biomass and
composition were clearly and significantly different between the estuarine zone, with
values higher than the surf zone. The presence of mangrove forests was the variable with
the highest effect on the structure and composition of the fish assemblages; the highest
variation explained by the dbRDA plot across the horizontal axis indicates the importance
of these ecosystems for fish assemblages in semi-arid regions [18]. This result is relevant
information considering that an important part of these areas is reduced due to the urban
and industrial growth that borders a large part of the lagoon [27]. The presence of mangrove
forests also serves as a proxy for the hydrological regime and salinity variations, which
are typical of estuarine conditions and favor the presence of certain fish species [18]. In
contrast, the surf zone is a typical marine area influenced by the Urias estuarine system,
but that is also used as a nursery and refuge zone by juvenile marine fish species, as the
presence of waves creates conditions favorable to the early life stages of typical marine
fish [57].

The other important variable for the observed grouping of fish assemblages was
the temporary effect of the years prior to and during the COVID-19 pandemic. Some
studies have indicated an increase in fish density and diversity as a consequence of the
lockdown resulting from the COVID-19 pandemic [53,58]. Although changes in the fishing
assemblages were evident, the mean abundances did not change significantly from one
period to another, as neither changed the mean diversity values estimated using the Hill
numbers. In contrast, the GAM indicated that the environmental parameters and their
interactions determined the spatiotemporal variation of the fish assemblages; therefore,
we tried to rescue the simplest models that best explained the variation in biomass and
o diversity, which agreed with the results of the multivariate analyses contemplating
the area of mangroves and period during—before COVID-19 as an important predictor of
biomass, while the most important factors in defining diversity « of fish assemblages were
temperature, salinity, total suspended matter, and season. According to the 3-diversity,
differences were only found in nestedness component (species richness differences) between
the period before-during COVID-19.

At the beginning of the pandemic, there was a rapid change in the composition of fish
species, but no significant changes in diversity or biomass were observed in this period.
The carnivorous/omnivorous species that dominated before the pandemic were replaced
by planktivorous species with a higher presence during the confinement. This observation
coincided with the drastic reduction in human activities, as tourism was completely stopped
and small-scale fishing was reduced; therefore, maritime traffic decreased, diminishing the
pollution. However, these changes coincided with climatic fluctuations caused by El Nifio
Southern Oscillation (ENSO) as a change from La Nifia to El Nifio conditions. This climatic
phenomenon was likely the case for the observed differences in environmental variables,
and this has previously been discussed elsewhere [59,60].

As this study was not initially aimed to perform a comparison of fish assemblage’s
structure and composition under these scenarios, it is not possible to ascertain the reason
for these observed changes. For one part, it is known that some fish species can be more
sensitive to noise from boats moving away from this type of disturbance, making it more
difficult to fish or sight them; consequently, in the absence of noise, many fish return to
occupy different micro-ecosystems within the estuary [58], which allows redistribution of
species and their biomass. The higher presence of species that were not common before the
confinement, and a decrease in the presence of species that dominated before the COVID-19
pandemic, could be a consequence. But for the other part, the climatic changes could also
be responsible for these observed changes in fish assemblage structure and composition.

Previous studies have documented that the species composition, biomass, and di-
versity of estuarine fish have strong relationships with different environmental factors,
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especially temperature and salinity [61-63]. Results from this study confirm the importance
of salinity, temperature, and total suspended matter in defining the composition of fish
assemblages, as these factors could act as a physiological barrier that can shape the structure
of fish assemblages [7,64—66], and these factors changed from one period to another. The
observed changes in the structure of fish assemblages and the diversity may be a combined
response of climatic changes and confinement, as it seems that the climatic effects were
exacerbated by either an increment or decrement in human activities. So, although the
changes in environmental variables have a delayed effect [67,68], human activities could
cause these changes to be observed in shorter periods.

In conclusion, it is likely that the observed changes in the structure, composition, and
diversity of fish assemblages, together with the changes in environmental variables before
and during the COVID-19 pandemic, were related to the decrease in human activities as a
consequence of the lockdown together with the climatic effects. This change indicates that
fish assemblages respond to the surrounding environment in terms of habitat structure,
including the vegetation and specific seasonal water conditions, but also respond to short-
and medium-term changes in water quality due to human and climatic events. These
results are relevant because they indicate the importance of human activities in shaping
fish assemblages and how these could affect local fisheries, as these systems represent the
livelihood for many small-scale fishers that depend on these ecosystems. Further studies
would be convenient with larger time series in the area to know the true impact of climatic
effects on fish communities in the studied area, as well as studies analyzing the concen-
tration of pollutants prior to, during, and after the COVID-19 pandemic. However, this
first approach provided an insight into the complexity of the studies in tropical estuarine
systems, considering also human and climatic interactions.
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