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Abstract

Ecological connectivity connects biological, physical, and chemical elements among sea and land
ecosystems. One way to study is through structural and functional connectivity derived from land use and
cover. The structural connectivity refers to metrics and landscape heterogeneity. Functional connectivity
denotes how well the landscape allows the fauna movement. We utilized structural and functional
connectivity to derive a landscape suitability map, which is an index for healthy vegetation and serves as a
food indicator for fish. Landscape suitability was the weighted sum of Submerged Aquatic Vegetation (SAV)
biovolume, habitat types, and landscape components from the Integral Index of Connectivity. Ecological
parameters and species of the SAV were calculated. Marine and terrestrial cover, landscape uses, and
digital terrain models were obtained based on remote sensing. Unsuitable anthropogenic land uses and
other terrestrial vegetation as a barrier for fish movements have been considered. This assessment was
based on the connection between habitat types like mangroves, seagrass, and macroalgae (SAV) and fish
with biological food indicators in the “Los Petenes” Biosphere Reserve (LPBR), Mexico. In the marine
zone, grain type was derived by an echosounder, and biovolume was calculated from hydroacoustic
variables. Fish tracks were identified in two categories “solitary” or “school fish” in the ecograms collected
in field trip transects between 2013-2017. These two categories of behavior were evaluated with habitat
types and landscape suitability. Hence this study aimed to evaluate the ecological connectivity between
landscape suitability, habitat types, fish, and food indicators for detecting fish movement. We proposed
four spatial models. Model 1 shows nodes overlapping interactions between solitary and school fish,
based on predictor track density. Model 2 directs probability routes for fish movement between suitable
landscapes based on data collection references to all fish tracks. In the third and fourth for ecological
connectivity, both fish behaviors were evaluated with food meiofauna, and epiphytes present in the
sediment and leaves of the SAV. Sound evidence for a high degree of connectivity in the LPBR indicates
that the integral models will support spatial planning for promoting sustainable tourism development
and ecosystem conservation.

Keywords: Seagrass; Mangroves; Fish tracks; Food indicators; Nodes and routes; Ecological connectivity;
Remote sensing
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Introduction

Ecological connectivity is the connection between biological,
physical, and chemical elements among sea and land ecosystems
elements in complex ecosystem [1-5]. These interactions favor
the free flow of matter and energy involving their proper function
[6,7]. In particular, connectivity ensures the genetic exchange of
species [8-10], an increase in population abundance and biomass
[11,12], as well as the availability of resources for community
sustenance [13,14]. Ecosystem health is constantly threatened
by natural phenomena and anthropogenic factors that directly or
indirectly impact its structure and function [15]. One way to assess
ecosystem health is through structural and functional connectivity
derived from remote sensing line base monitoring of seagrass and
mangrove cover, other wetlands, and land use, which measures the
spatial metrics of patches. Patches are discrete areas of vegetation
that form larger nodes, which can be grouped due to similarities
and proximity to larger nodes called components [16]. In the Gulf
of Mexico, evaluating the dynamics between marine habitat patches
has allowed us to determine the importance of water flow as an
interconnection between terrestrial, coastal,and aquaticecosystems
[1]. Also, Krumme [17] argues the importance of mangroves and
tides induced fish processes between the submerged mangrove at
high water and the subtidal areas at low water on a short-time scale
in Brazil. Andrade et al. [18] observed fish distribution dependent
on depth using hydroacoustic sonar near a basin in the Amazon
River in Brazil. It has also been described that increasing distance
from the mangrove decreases juvenile abundance, biomass, and
species composition [12]. Vertical and horizontal movements
during day and night have been observed in daily migratory
patterns for fish and plankton [19]. Mouillot et al. [20] suggested
redundant functionality in landscape composition patterns with
daily mobility routines during day and night [21,22]. Therefore,
fish species come and go at different times, distances, and speeds
between seagrass and mangrove ecosystems, complementing
routine cycles for feeding, protection, reproduction, and survival
for the next stage of their lives.

Hydroacoustic remote sensing is a useful technique that allows
for modelling the spatial distribution of fish [17], SAV and bottom
types in water bodies [18,23,24] as well as rocky and coral habitats
[23]. Hydroacoustic remote sensing has also been shown to be a
good tool for identifying fish movement [17,18]. On the other
hand, in landscape processes assessments, satellite imagery is
useful for detecting seagrass, mangroves, wetlands and land cover
use [25]. Both remote sensing techniques were complemented to
obtain better results. Engelhard et al. [26] proposed an integral
connectivity network with fish that highlights fauna corridors
among mangroves, seagrass, and coral reef patches for better
protection in Moreton Bay, Australia. Goicolea and Mateo-Sanchez
[13] developed probability models of ecological fluxes of species
that interact in landscapes affected by land use change in the
Iberian Peninsula. Fernandes et al. [27] argue that the effects of
seasonality, depth, landscape connectivity, and abiotic conditions
influence organism movements. Hence ecological connectivity is
supported by structural and functional connectivity and describes

the behavior or response of organisms to spatial isolation and
landscape processes [28-30]. These landscape components
explained movements of juvenile and adult fish or larval drift
[1,26,31]. Therefore, these spatial traits are closely linked to the
ontogenetic development of nursery areas located near the coast
[14,32]. Peterson et al. [1] proposed the concept of “Connectivity
Corridor Conservation” for designing and implementing marine
protected areas to preserve migratory species habitats.

This study evaluates the ecological connectivity between
landscape and seascape suitability and habitat types like
mangroves, SAV and fish with biological food indicators. We consider
information with unsuitable anthropogenicland uses, like cultivated
and other terrestrial vegetation with altitudes above sea level as
a barrier for fish movements. We proposed four spatial models.
Model 1 shows nodes overlapping trophic interactions between
solitary and fish school, based on predictor track density. Second,
we direct the likely routes for fish movement between suitable
landscapes based on data collection references with all track fish.
In the third and fourth models for ecological connectivity, both fish
behaviors were assessed with feeding meiofauna and epiphytes
present in the sediment and leaves of the SAV. Epiphytism is a form
of life that grows on a plant organism [33]. We hypothesize that
areas with suitable habitat types, such as mangroves and seagrass,
will exhibit higher levels of ecological connectivity, facilitating
trophic interactions and fish movement. Additionally, we expect
that unsuitable anthropogenic land uses will act as barriers to fish
movements, influencing their spatial distribution and ecological
interactions with coastal habitats. The integral models will support
spatial planning for promoting sustainable tourism development
and ecosystems conservation.

Materials and Methods

Study area

“Los Petenes” Biosphere Reserve (LPBR) is a natural protected
area with a total extension of 2,828.57km?, located between 902
49’49.08” W, 192 51'42.12” N and 902 27°6.48” W, 202 38’8.16” N
(Figure 1). The LPBR has extensive areas of well-conserved and
interconnected terrestrial and marine vegetation cover. The marine
zone has an extension of 1,817.64km? and the flooded terrestrial
zone with mangroves is 1,011km?. Eighty percent of the marine
zone is covered by seagrass species Thalassia testudinum (Tt),
Syringodium filiforme (Sf), and Halodule wrightii (Hw), which
grow monospecifically or mixed with macroalgae, such as Caulerpa
paspaloides van wudermannii [34,35], Avrainvillea, Penicillus,
Halimeda, and Udotea genera [36]. The terrestrial zone shows
preserved and disturbed mangroves of Rhizophora mangle and
Laguncularia racemosa, among other riparian wetlands, terrestrial
vegetation, water bodies, anthropic development and agricultural
and livestock areas [37]. LPBR is a platform of marine sedimentary
strata of carbonate rocks (CaCO,) with almost absent slope not
exceeding 10 meters in altitude. The water table is shallow [38],
surfacing as water springs due to karstic origin of the Yucatan
Peninsula [37]. The Yucatan Peninsula is a relevant biogeographic
area nationally, along with the “Ria Celestin” Biosphere Reserve
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and “El Palmar” State Reserve, forming a unique ecoregion with
similar climate and soil characteristics, allowing a connection of
unique processes and biodiversity in Mexico [37,39]. This ecoregion

was declared wetland of national and international importance on
February 2, 2005 (https://www.ramsar.org/).
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Figure 1: Location of “Los Petenes” Biosphere Reserve in Campeche, México.
(A) Perpendicular and parallel transects to the coast conducted between 2013 and 2017.
(B) Solitary and fish school tracks recorded on the transects, bathymetry and Digital terrain Model.
(C) Grid of points with fish presence and absence reconstructed using geospatial sources, grain types and epiphytes
index

Hydroacoustic remote sensing

Field collection: The characterization of SAV in the LPBR was
performed using a single transducer hydroacoustic echosounder
(Biosonics DT-X) with GPS. Approximately 1,211 linear kilometres
were covered during dry (March and April), rainy (August and
September) and winter (locally known as the “nortes”) (December
and February) seasons over seven years of sampling from 2013
to 2023, covering a surface of 1,514km? [40,41]. In total, 27
perpendicular transects were conducted, reaching up to 24km
from the coast, and 6 parallel transects to the coast up to 70 linear
km separated by 2 to 3 kilometres, with a navigating speed of
Skm/h [42] (Figure 1A). Single Echo Detection Tracks (SEDtracks)
were located with their XYZ positions (Figure 1B). A database
complemented with fish presence and absence was developed
from echosound and other geodatabases (Figure 1C). Vertical
information was recorded through pulses that bounce off any
“target” (Echo E1: first phase) and receive sound return signals
(echoes: E1’ and E2’) at a speed of 1,540m/s with a pulse length of
0.4m per second at a frequency of 430kHz with a 6.4° aperture [43-
45]. Echograms were obtained with graphical representation of the

marine profile, recording hydroacoustic variables such as coverage
percentage, plant height, and depth. The resulting biovolume is the
percentage of aerial biomass of the SAV, obtained from the equation
[46] (Figure 2A):

Plan Height
Depth

SEDtracks, henceforth referred to as tracks, are small detection
fragments of moving fish or fishes, which can be detected
individually (samples with one track) or in a school (samples with
three or more tracks). Some variables were obtained from each
fish track, such as the track density that is the proportion of targets
in a swept volume of water (tracks/1000m®) and the average
movement speed (m/s) of the fish in the transects [47] (Figure 2B).
Simultaneously, the Fractal Dimension (FD) was recorded from

Biovoulme % = x Plant Cover

Equation 1

three sediment grain types (E2 and E2’), considering roughness
and hardness at 20cm from the bottom [43,48-50]. FD values range
from 0 to 3, corresponding to fine, medium and coarse sand. Grain
type is classified according to traits, from soft and simple grains to
harder and complex grain [45,51]. Echograms were analyzed using
Visual Aquatic 1.0 post-processing software [52] (Figure 2C).
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Figure 2: (A) Field data collection method using the echosounder and recorded hydroacoustic variables. (B)
Collection of solitary and fish school tracks from the vessel. (C) Echogram showing coverage and plant height
information, depth, sediment grain type, and fish tracks marked in the water column.

Meiofauna index: A layer containing sediment grain types
from field samples with the echosounder using ordinary
kriging interpolation was employed [53]. The sediment grain
type variable was used as an indicator of food availability for
solitary fish, being significant and correlated with track density
for solitary fish in the LPBR. With spatial tools, we created 250
random points, 150 were selected within coarse sand and hard
sediment grain types. Based on published dietary references,
the hypothesis is that solitary fish, mainly carnivorous, could
also be planktivorous or detritivores, and omnivorous habits
prefer coarse and hard bottoms rather than medium and soft
bottom to feeding [54]. For this reason, a greater number of
points were selected for course and hard sediments.

Epiphyte index: A layer containing seagrass heights measured
in the field with the echosounder and processed using
ordinary Kkriging interpolation was utilized [41,55]. A total of
250 random points were selected from heights. The tallest
correspond to S. filiforme that were considered more important
as an indicator of food availability, showing highest epiphytic
biomass in the LPBR [56,40]. Heights ranging between 16 and
54cm had the greatest weight for school fish. For the medium
height (16 to 31cm) and small size (<15cm) ranges, 100 and
50 points were selected, respectively. Additionally, data from
13 collection stations with mean shoot values per square
meter of the T testudinum species were used [40]. Points with
shoot measurements >1500 shoots/m? were considered more
important for direct routes, while those with less than 500
shoots/m? were deemed less significant for school fish.

Track density: A layer containing track density from fish tracks
samples with the echosounder was created and employed to
interpolate data points using ordinary kriging following the
same methods as epiphytes and meiofauna index, described

in the previous sections. Model 1 represents nodes with
trophic interaction between solitary and school fish based on
interpolated track density layer. Overlap nodes were defined
at <3000m minimum distance between them. These fish nodes
only occur in the marine area of the LPBR since it includes only
field samples with the echosounder

Ecological parameters of SAV: Alongside the transects with
echosounder, video-transects were recorded using an underwater
camera (Sea Viewer). Over the sampling years, 374,998-point
occurrences with geographical
Additionally, 143 in situ underwater verifications were conducted
to confirm the presence of SAV. The in situ record of SAV species
was used to calculate basic ecological parameters such as relative
dominance, density, and relative frequency of aquatic plants. From

coordinates were obtained.

these estimates, the Shannon Diversity Index, species evenness,
and the Importance Value Index (IVI) of the SAV were calculated
and used as input data to create a landscape suitability map using
hierarchical decision analysis together with the hydroacoustic
variable biovolume. It is important to note that the fish species
were not identified in areas where tracks were located using the
echosounder. Basic ecological parameters associated with fish were
not calculated; only solitary tracks were differentiated from fish
school tracks visible in the echograms. Additionally, to exemplify
ecological connectivity we assume a trophic interaction between
solitary fish as carnivorous and school fish as an herbivorous based
on the food preferences recorded in references from LPBR for each
social organization [57-59].

Satellite remote sensing

Structural connectivity: The National Commission for the
Knowledge and Use of Biodiversity of Mexico (CONABIO) developed
a Mangrove Monitoring System to detect land cover, land use, and
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vegetation on the Mexican coasts. This program was useful for
deriving the Integral Index of Connectivity (1IC) in the LPBR. The
study of landscape metrics allowed for recognizing the landscapes
with the highest number of patches, nodes, and components [60].
‘Patches’ represent discrete areas whose nature varies depending
on the object of study [29]; from these patches, larger ‘nodes’ are
formed, made up of two or more patches of coverage. These nodes
are grouped into clusters termed landscape components [16].
Landscape heterogeneity was identified through metrics including
the number of landscape patches or nodes with higher connectivity,
average patch area, patch density, average patch size, patch shape
index, and patch complexity using the Patch Analyst plugin in
ArcGIS 10.6 [61]. The IIC obtained from components using the
CONEFOR Senoseoide 2.6 software proposed by Saura and Pascual-
Hortal [30].

Landscape suitability map: Landscape metrics and
structural connectivity within LPBR were calculated using
hydroacoustic remote sensing cartography complemented with
satellite information available in the Geoportal® of CONABIO. For
the terrestrial area of the LPBR, land use and vegetation maps

associated with coastal zones adjacent to mangroves in Mexico

2015 were derived from Sentinel 2A [62], as well as IIC [63]
and the DTM were utilized to define barriers to fish movement
towards internal mangrove areas and caves where they have
the possibility to cross between ecosystems [64]. Regarding the
marine zone, layers of relative dominance, frequency, density, IVI
and SAV biovolume provided by CONABIO’s Geoportal along with
landscape components were used [60]. The experimental design
encompasses multiple spatial numerical and categorical variables;
hence different remote sensing methods were used to determine
the ecological connectivity of the wetlands within the LPBR with
fish (Figure 3). To estimate landscape suitability, five evaluation
criteria were employed, and the mentioned thematic layers were
considered as evaluation criteria. A multicriteria hierarchical
analysis with minimal inconsistency was conducted using Thomas
Saaty’s method [65] in SuperDecisions v 3.12 software® A scale
from one to nine was established, where nine indicates the highest
importance and one is equal importance among criteria. Weighted
scores for the criteria were obtained through group consensus.
Landscape suitability resulted in four categories: 1) Unsuitable, 2)
Suitable, 3) Very suitable and 4) The most suitable for fish ecological
connectivity within the LPBR. The same method was implemented
for habitat type criteria for fish preference.

v Fieldwork
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?

in situ verifications
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Desktop wolk

Sentinel-2A Satellite

Supervised Classification

Metrics and 1IC

Image date marine zone
2 17

Dominance Frequency

Shannon Diversity Index

Scascape Components

Density

Depth and MDT

Calculations

?

w

Land Use and Habitat Types
29/02/2016

Resistance

Structural Connectivity

Importance Value Index

~
Landscape Suitability l

| Functional Connectivity

Ecological connectivity

Image date terrestrial zone

14/09/2018

Figure 3: Remote sensing tools and cartographic inputs used to obtain the landscape suitability map and ecological
connectivity of the “Los Petenes” Biosphere Reserve, Campeche.

Statistical analyses

Shapiro-Wilk tests were applied to all variables, considering the
null hypothesis of data normality, which was rejected in all cases
(p=2.2e-16, a=0.05). The response variable, track density, was
square-root transformed to handle multiple values close to zero.
The numeric variables and connectivity factors, depth, meiofauna,

Thttp:/ /www.conabio.gob.mx/informacion/gis/

’http:/ /www.superdecisions.com

epiphyte index, landscape suitability, habitat types, patch area and
route distances were joined in ArcGIS 10.6., in order to explore
the database. Numeric variables were selected based on Pearson
correlation. The model design was unbalanced, complex, and
heterogeneous as it combines information from diverse sources.
An experimental test using permutation-based Analysis of Variance
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(PERMANOVA) was performed to examine the behavior of the track
density variable as a function to the distance to the mangrove,
landscape suitability and habitat types [66]. Euclidean distances
between each centroid of points with solitary tracks, fish schools
and all tracks were permuted 9999 times with the original points
[66]. There was sufficient evidence to reject variance homogeneity
(p=2.2e-16, a= 0.05) as there are differences among both behaviors
and among levels of the evaluated factors. A pairwise test was
conducted to reveal which factors were different and their degree
of significance in RStudio [67]. GLM with different combinations of
predictor variables were used to describe non-linear relationships
between variables in RStudio. The resulting models were estimated
and subsequently compared via the Akaike Information Criterion
(AIC). Deviation, null deviation, mean squared error, and prediction
probability were calculated to select the model that best explained
data behavior with the least prediction error. The models operated
with multiple variables, considering variance heterogeneity
and assuming variable independence [68]. Based on the results,
variables influencing fish movements were identified. These
models aided in weighing nodes and connections of fish in suitable
landscapes and habitat types.

Fish routes

An exhaustive literature review was conducted to identify
sources providing geographic information on fish presence in areas
where fish tracks were not located using the echosounder, such as
the Global Biodiversity Information Facility (GBIF)?, the National
Biodiversity Information System of Mexico (SNIB)* the Gulf of
Mexico Research Consortium (CIGOM), and the National Institute
of Statistics and Geography (INEGI)®. Those data points were
coded with 1/Presence and 0/absence and analyzed as a binary
model. Absences were extracted from the same echosounder-
created transects where no fish were located, supported by
random selection tools within subsets in QGIS 2.18.15. Some points

were discarded where fish presence was not feasible, such as
anthropogenic, agricultural, and livestock land uses, unsuitable for
fish movement or with excessive terrain elevation, identified from
a Digital Terrain Model (DTM) obtained using LIDAR data [64]. The
DTM contained suitable depths of up to -14m, allowing fish to move
through existing underground caves in the mangrove-flooded area.
Certain areas function as barriers to fish passage, mainly in the
central zone of the LPBR. A network of potential movement routes
was developed with Euclidean distances from edge to edge using
the CONEFOR plug-in ArcGIS 10.6, reaching up to 20,000m from
XYZ coordinates at the extreme western boundary of the LPBR to
fish XYZ presences at the opposite eastern extreme where there
are entrances of water from flooded areas of mangrove. The zones
considered to be priority fish destinations with the greatest weight
and direction, where the water outputs and entrances known as
‘El Remate, ‘La Granja, ‘Ixpuc, ‘Las Bocas, ‘Huayamil, ‘Hovonche,
‘Peteneyac, ‘Jaina, ‘Las playitas, ‘Ensenada, ‘Hampolol’ and ‘Rio
Verde.! (Figure 1). The recorded depth ranges within the marine
zone vary from -0.5m to -7.03m, which do not represent a barrier
to fish movement [41,56]. The water level fluctuation during the
rainy season does not exceed -0.5m depth. Pérez-Ceballos et al. [69]
show that in these mangrove areas, near Campeche, the maximum
registered elevation is 0.28+0.08 meters above sea level. Annually,
the hydroperiod oscillates between 0.04 -0.12m.a.s.l. This border
strip is called shoreline. Model 2 represents the movement routes
indicating fish dispersion among suitability landscapes of the LPBR.
A Generalized Linear Model (GLM) was applied to establish a linear
component, which was fitted to the response variable, presence
and absence with landscape suitability map [70]. Connections
covered almost all wetlands in the LPBR. Distances ranged from
the geographic positions of tracks to mangrove entrances in a range
between 700m to a maximum of 40,000m distance; this range is
defined by the critical distance to access resources within the
flooded area (Table 1).

Table 1: Nodes and links models proposed for ecological connectivity analysis.

Model Description Node and Routes Representation Critical Distance Criteria
1 Overlap probability between nodes of track | Trophic interaction nodes between | Euclidian distances > 100m < 3000m in buffer with
density in marine zone solitary and fish school the overlapping
2 Fish routes presence in landscape suitability Binary model, tracks fish join to Euclidian distances > 100m < 40000m along
along LPBR point references landscape suitability nodes
].Ecologlcal .connect1v1.ty probability for Habitat type nodes prefel.“ences Euclidian distances < 40000 meters along all
3 solitary and fish school in preferred habitat | based on epiphyte and meiofauna .
. habitat types
types index
4 Fish coast movement along LPBR Density coast routes Euclidian distances .< #0000 meters along all
habitat types

Ecological connectivity

In the Yucatan Peninsula there are numerous ecological and
descriptive studies of the dynamics of the most abundant fish

Shttps:/ /www.gbif.org/
‘https:/ /www.snib.mx/
Shttps://cigom.org/

Shttps:/ /www.inegi.org.mx/

species that help us to relate the published information with
proposed models [11,71-74]. In the LPBR, the number of fish
aggregations per unit area that move within habitat types of
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preferences have been documented [38,75-78]. These information
help to weight habitat types, meiofauna and epiphyte index through
group consensus and was related with echosounder track density.
Using the Thomas Saaty scale, nodes with probability of ecological
connectivity were assigned a score from 1-9 based on preferences
of fish habitat types and resistance to movement (Table 2). Based
on our statistical analysis and literature review, preferred habitat
types for solitary fish are mainly fringe mangroves on shorelines

and coarse sand areas far away from mangrove, which held greater
weight in the analyses. They travel north to south during day to
feed and then they return to stay night near shore mangrove fridge.
Furthermore, school fish preferred mixed seagrass with macroalgae
(MxSMa), tallest height plants of S. filiforme and monospecific
seascape of Ttestudinum were identified as more important than
the others habitat types.

Table 2: Habitat types of submerged aquatic vegetation, land use, and coastal vegetation used for fish nodes weighting
according to their habitat preferences and the degree of resistance to movement, considered within the ecological

connectivity analyses.

Class Habitat types Fish preference Resistence
1 Thalassia testudinum (Tt)* Demonstrably important Null
2 Syringodium filiforme(Sf)* Absolutely important Null
3 Tty macroalgae (MxTtMa) Demonstrably important Null
4 Seagrasses* and macroalgae (MxSMa) Absolutely important Null
5 Seagrasses* (MxSS) Notably important Null
6 Sand Slightly important Null
7 Agriculture and cattle raising Not important High
8 Anthropic development Not important High
9 Water bodies Notably important Null
10 Mangrove Demonstrably important Medium
11 Perturbated mangrove Notably important Medium
12 Other vegetation Slightly important High
13 Other wetlands Same importance Medium

Model 3 corresponds to ecological connectivity between
habitat types preferred by solitary fish, such as flooded mangroves,
seagrass beds with macroalgae near the shoreline, and coarse
sandy areas along the LPBR. Meiofauna index was considered as
an indicator of food presence based on correlation results. Habitat
types preferred by school fish, such as seagrasses with macroalgae
near flooded mangroves and areas inside mangrove borders within
max 1000m distance. School fish nodes were weighted based on
indicators of epiphytic index, biomass presence on S. filiforme leaves

with greater plant height and the larger leaf surface represented by
the shoots per square meter of T testudinum [40,56]. School fish
also preferred MxTtMa, MxSMA and MxSS, as an indicator of food
biomass availability based on correlation results.

Model 4 corresponds to routes with extended dense coast
mobility and were directed to the coast line based on the DTM and
habitat preferences (Table 3). The cumulative cost of fish mobility
was calculated using ArcGIS 10.6 geoprocessing tools for least-cost
distance analysis [79].

Table 3: Models 1-4, codes, and weighted values for ecological connectivity.

Model 1 Categories Codification Weight
Solitary fish and fish Overlap buffer 10 0.26
school Without overlap 1 0.03
Nothing suitable 1 0.02
Suitable 10 0.22
Landscape suitability
Very suitable 50 0.25
The most suitable 100 0.22
Model 2 Categories Codification Weight
1 10 0.29
All fishes
0 1 0
Nothing suitable 1 0.02
Suitable 10 0.22
Landscape suitability
Very suitable 50 0.25
The most suitable 100 0.22
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Model 3 Habitat Types Codification Solitary Nodes Weight Comf;':;lt::; 25 Nodes Weight
Ttestudinum 3 0.03 9 0.09
Habitat types

S.filiforme 3 0.03 9 0.09
Ttestudinum and 5 0.09 7 015

macroalgae
Seagrass and 7 019 7 015

macroalgae
Seagrass 5 0.07 5 0.07
Sand 7 0.06 3 0.03
Water bodies 9 0.07 9 0.05
Mangrove 9 0.15 5 0.07
Other wetlands 7 0.02 3 0.03
Soft/Small plants 10 0.02 10 0.03
Grain t){pe/eplphyte Medium/Medium 50 0.05 50 0.05

index plants
Hard/High plants 100 0.13 100 0.09
Model 4 Categories Codification Weight
Low density 0.7
Solitary and school fish Density routes
High density 0.3

Result and Discussion

Hydroacoustic remote sensing

From2013t02017,atotal of 2237 points with track density were
recorded, 1331 points were identified with solitary tracks and 906
with school fish (Tables 4&5). When the databases were separated,
differences were observed in track density between solitary and
school fish. However, when the track density was evaluated without
differentiating their social organization (All tracks), the significant
differences observed separately were not identified. The same

is true for the meiofauna index. The track density mean is higher
in school tracks than in solitary tracks since fish schools sweep a
larger volume than a single solitary track. The mean track density
for solitary was 0.31+£0.44 tracks/m? at mean depth -3.98+1.10m
with 2.03+0.56m/s mean velocity. Mean density for fish school was
1.02+2.73 tracks/m3, at depth of -4.14+1.14m with 1.86+0.68m/s
mean velocity. The mean and standard deviation of all total track
density was 0.60+1.80 tracks/m? at depth of 4.05+1.12m and mean
velocity was 1.96£0.62m/s.

Table 4: Fish tracks occurrence registration during de sampling years with echosounder in each habitat type separated

by years and season.

Fishes Registration in Rainy Season Fishes Registration in Dry Season
Seascape Type Total Points
2013 | 2014 | 2016 2019 | Total Rainy | 2013 | 2016 2017 2023 | Total Dry
1. Thalassia testudinum 4 1 38 43 4 4 47
Schools 10 10 10
Solitary 4 1 28 33 4 4 37
2. Syringodium filiforme 91 16 12 399 518 41 52 75 143 311 829
Schools 18 1 3 183 205 9 18 48 59 134 339
Solitary 73 15 9 216 313 32 34 27 84 177 490
3 Th‘”“fig‘cﬁf)itllfg‘;?“m and 3 225 228 5 27 32 260
Schools 66 66 1 4 5 71
Solitary 3 159 162 4 23 27 189
* Mixi‘jascerzggzzes and 35 | 34 46 | 343 458 26 50 33 128 237 695
Schools 6 8 12 142 168 11 16 33 41 101 269
Solitary 29 26 34 201 290 15 34 87 136 426
5. Mixed seagrasses 2 5 52 74 133 5 2 11 212 230 363
Schools 1 22 39 62 2 2 10 119 133 195
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Solitary 1 5 30 35 71 3 1 93 97 168
6. Sand without vegetation 15 15 1 27 28 43
Schools 4 4 18 18 22
Solitary 11 11 1 9 10 21

Total points 132 59 125 1079 1395 73 104 124 541 842 2237

Table 5: Descriptive statistics of hydroacoustic variables associated with solitary, schools, and all tracks.

Basic Statistics Solitary Fish (Single Tracks) Fish School (Many Tracks) All SED Tracks (All Tracks)
Hydro_a coustic Units Mean Min Max S.D Mean Min Max S.D Mean Min Max S.D
Variables
Fish density tr‘:fllgs/ 031 0 477 | 044 1.02 0.02 49.74 2.73 0.6 0 4974 | 1.8
. meters
Fish depth level (m) -3.98 -1.59 -6.61 1.1 -4.14 -1.62 -6.78 1.14 -4.05 -1.59 -6.78 1.12
Fish velocity m/s 2.03 0.01 3.49 0.56 1.86 0.01 3.81 0.68 1.96 0.01 3.81 0.62
No. samples n 1331 906 2237

Meiofauna index showed a significant positive correlation with the track density for solitary fish (0.42), while for fish
schools there was no correlation with the meiofauna index (0.20). The meiofauna index exhibited a negative correlation
concerning the distance to mangroves (-0.85). Epiphyte index correlations were significant for school fish (0.59) also for

solitary (0.49).

Satellite remote sensing

Structural connectivity: Due to the large extension of
seagrass and mangrove in Los Petenes Biosphere Reserve (LPBR),
components were grouped by proximity and interconnectedness
[16,29]. Also, fish presence was named nodes, and their movements
between landscapes were called routes. Smaller surface areas and
fewer patches include anthropogenic development, agriculture,
and livestock areas. Habitat types with larger landscape surfaces

and more patches include mangroves, other wetlands, seagrasses,
and macroalgae. The mean edge density of T testudinum and
macroalgae patches, as well as seagrasses and macroalgae, are high
and heterogeneous compared to mangroves, and they also have a
greater number of smaller patches than mangroves. However, the
patch complexity is greater for mangroves compared to the SAV. S.
filiforme mean patch size is the same as T. testudinum. The seagrass
and macroalgae had a smaller mean patch size, but almost same
complexity as Tt and Sf (Table 6).

Table 6: Structural connectivity metrics of the landscape patches in Los Petenes Biosphere Reserve, Campeche, Mexico.

. Patch Class Area | Patch Size | Patch Size Patch Patch Shape Edge
LS B L By 2 Number (ha) Mean Variance | Size S.D. | Edge Mean | Complexity LRIz O Density
1 Thalassia 1185 13,717.50 11.58 1114.88 | 129.06 1282.3 1.58 1,519,530.00 6.09
testudinum(Tt)*
2 Syringodium 3238 35,957.50 11.1 4480.96 497.6 910.5 1.37 2,948,200.00 | 81.99
filiforme(Sf)*
g | Ttymacroalgae | 5., | 59539 7.64 5173.6 395.34 823.1 135 2,612,520.00 | 107.72
(MxTtMa)
Seagrasses*
4 | andmacroalgae | 8256 | 46,393.50 5.62 4811.82 | 270.39 769.9 1.38 6,356,280.00 | 34.82
(MxSMa)
*
5 Sez(’fdrjssg)es 8404 | 30,754.90 3.66 4167.64 | 152.52 588.38 1.38 4,944,720.00 | 27.09
6 Sand 1481 31,338.00 21.16 3103.51 656.7 1167.97 1.36 1,729,760.00 9.47
7 | Agricultureand 25 198.48 7.94 125.24 9.94 1843.3 2.08 46,082.60 0.18
cattle raising
8 Anthropic 8 292.06 36.51 142.72 52.1 17650.8 9.13 1,41,207.00 0.57
development
9 Waterbodies 26 135.3 5.2 124.13 6.46 1808.46 2.42 47,020.00 0.19
10 Mangrove 415 56,253.00 | 135.55 1577.38 | 213812 | 111067 2.54 4,609,290.00 | 18.46
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11 Perturbated 29 640.39 22.08 235.01 51.9 6102.76 3.37 1,76,980.00 0.71
mangrove

12 | Other vegetation | 514 17,346.70 33.75 999.91 337.45 | 3753.95 2.34 1,929,530.00 7.73

13 | Other wetlands 638 25,899.10 40.59 881.6 357.88 | 4863.33 2.52 3,102,800.00 | 12.43

Landscape suitability map and habitat types: Categories
in landscape suitability map were represented in four factors: 1)
Unsuitable, 2) Suitable, 3) very suitable and 4) The most suitable
nodes for fish mobility within the LPBR (Figure 4A). The most
suitable nodes were found in both marine and flooded mangrove
areas, as they covered a large area of the LPBR. Nodes with suitable
landscape criteria show less landscape surface area. These nodes
are located on the coastline and in floodable areas, mainly due
to restrictions by depth and barriers of habitat types. Unsuitable

landscapes do not meet mobility entrance to flooded areas with
mangrove or landscape suitability criteria, as these nodes coincide
with some inappropriate land use and vegetation types for fish
movement. Habitat types are represented by habitat 1: Thalassia
testudinum (Tt), 2: Syringodium filiforme (Sf), 3: Mixed vegetation
of Tt with macroalgae (MxTtMa), 4: Mixed vegetation of seagrass
and macroalgae (MxSMa), 5: Mixed seagrass vegetation (MxSS), 6:
Sand, 7: Water bodies; 8: Mangrove, 9: Disturbed mangrove and 10:
Other wetlands (Figure 4B).
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Figure 4: (A) Landscape suitability map with idoneity categories. (B) Habitat 1: Thalassia testudinum (Tt), 2:
Syringodium filiforme (Sf), 3: Mixed vegetation of Tt with macroalgae (MxTtMa), 4: Mixed vegetation of seagrass and
macroalgae (MxSMa), 5: Mixed seagrass vegetation (MxSS), 6: Sand, 7: Water bodies; 8: Mangrove, 9: Disturbed
mangrove and 10: Other wetlands. The resistance or barriers land uses for entering to the flooded mangrove
are marked in red. (C) GLM probability of fish presence throughout landscape suitability map. D. All track fish
dispersion in each SAV habitat type at all depth and their proximity to the coast line border with mangrove.

The probability of encountering fish presence increases
in the higher suitability categories. According to GLM, the
probability trend of presence for both solitary and school fish is
similar. The interaction between landscape suitability with fish
schools and solitary individuals in the same space occurs with
the highest probability in suitable landscape (87+13%), and the

most suitable landscape (79+21%) compared to very suitable
landscape (43+14%) and the unsuitable category (37+34%). The
overall error rate is 16% (Figure 4C). Fish dispersion evidence of
negative correlation was found between the water column depth
where solitaries (-0.83) and fish school (-0.90) are found and their
distance to the mangrove during the sampled years across habitat

Environ Anal Eco stud

Copyright © Pérez-Espinosa I



EAES.000812. 13(3).2025

1539

types in the marine area of the LPBR. Track records were found at
all distances to the mangrove and at several depths spanning 74km
length from north to south and 20km width from east to west from
the coastline, covering the entire habitat types in the marine area
of LPBR. S. filiforme and mixed seagrass and macroalgae had the
majority of tracks occurrences (Figure 4D).

A. Model 1: Overlap nodes: Model 1 covers a buffer radius of
3000m. Nodes representing the occupied overlap trophic
interaction between solitary and fish school tracks in the same

space (Figure 5A). Tracks with higher density are found near
the mangrove edge, while those with lower track density are
likely to occur farther away from the mangrove. Fish track
records were found at all distances to the mangrove and at
several depths from north to south and width from east to
west from the coastline, covering the entire habitat types in
the marine area of LPBR. The most overlapping nodes were
formed in the northwest and southwest of the LPBR closed to
the shoreline, and less track density in areas away from the
mangroves indicating more solitary tracks in those areas.
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Figure 5: (A) Model 1. Nodes with overlap track density of solitary and fish schools. (B) Model 2. Probability routes of
fish presence throughout LPBR.

C. Model 2: Fish routes: Model 2 predicts the movement
route presence based on a binary database. Distance buffers formed
along network lines at 100, 500, 1000, 2000, 3000, 5000m reach
almost 20000m beyond shoreline. It shows probability fish route
probability related to mobility within the landscape suitability
map. The routes were directed towards water outputs and surface
rivers, avoiding unsuitable spaces and resistance barriers where
the probability of finding fishes was negligible. Networks with
high predicted probability could be considered as some important
corridors for management plan (Figure 5B).

According to Model 2, the linear trend of fish presence
probability increases as the landscape becomes more suitable.
Significant differences were observed in routes in the four suitable
landscapes (F=28.44; p=1.06-07). The three suitability categories
are more likely for both social organizations; however, schools
prefer the most suitable landscape, while solitary fish are more
likely in the very suitable landscape.

Ecological connectivity: Model 3 and Model 4

The third model showed the probability of ecological
connectivity for all fishes in LPBR. It shows that the flooded
mangrove landscapes in the northern region have the highest
probability of ecological connectivity compared to the southern
region due to the topography favoring entry into flooded mangrove
areas in the north. Conversely, fish in the marine area with SAV are
more likely to move in the southern part, both far from and close
to the mangrove. It shows that the flooded mangrove landscapes
in the southeast region have the least probability of ecological
connectivity in comparison, nevertheless in the SAV areas it is high.
The probability to find school fish is uniform through landscapes,
in both the same latitude and longitude. The southern shows the
same pattern of lesser probability of ecological connectivity for
school fish than solitary fish. A higher probability for school fish to
move within seagrass and SAV was observed than within flooded
mangroves. The space occupied by school fish is more restricted in
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flooded mangrove areas compared to solitary fish, encompassing
only the marine area of the LPBR. There is an important area at
the center of LPBR, called Jaina Island. There is a low likelihood of
fish schools entering the flooded terrestrial zone. However, if they

enter the mangrove, they do so through the northern zone, like the
solitary fish with lower probability in the southern part of the LPBR
(Figure 6A).
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Figure 6: (A) Nodes of probability of ecological connectivity for solitary and fish school in the LPBR. (B) Density of
movement cost of solitary and fish within coastal habitat types. GLM with the effects of distance to mangrove in
track density. (C) Solitary. (D) Fish school.

Model 4, movement coast routes were generated for fish,
which show a higher probability of moving within the flooded
mangrove landscapes than the fish schools. The solitary fish occupy
a larger space and have a greater range of movement than the fish
schools. There is a high cost to access the central-northern region;
however, it is accessible (Figure 6B). Within the marine zone where
SAV grows, it does not represent a high cost for its movement;
therefore, it moves towards the areas without any resistance. The
solitary fish are found spanning from north to south and from
east to west of the LPBR, while the schools had less probability.
The cost of movement for fish increases away from the mangrove,
particularly in sandy areas at the extreme western region of the
LPBR. Nevertheless, there are no barriers to moving within the
marine zone with SAV. The probability of finding fish increases at
the transition edge between mangrove ecosystems and SAV, but
in the southeast it is low and uncertain. For solitary tracks with

distance to the mangrove, the minimal track density was 0.3 at west
and maximum was 0.45 tracks/m3. The prediction of track density
(Y) for solitary individuals is lower than that of schools because
it entails a smaller swept volume than schools. However, the
prediction error is less uncertain than in fish schools (Figure 6C).
The distance to the mangrove (X) is represented by the XYZ points
with tracks located using the echosounder at the western end of the
LPBR (0m) and by those points located in the transition between
seagrass beds with macroalgae and in the mangrove fringe on the
eastern side (20000 meters). In the case of solitary individuals,
the slope is steeper, indicating that track density decreases as we
approach the mangrove fringe, while the track density of schools
remains homogeneous along the marine zone and the transition to
the mangrove. The highest track density probability for fish schools
was 80%, practically throughout the marine zone and within first
1000m mangrove fringe entrances had fish schools in more than
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50% of cases (Figure 6D). Both social organizations are less likely
at the southern entrance into the flooded area; however, water
level can favor entry depending on the season. Tracks with higher
density are found near the mangrove edge, while those with lower
track density are likely to occur farther away from the mangrove
(Table 7).

Table 7: GML results with statistical parameters like AIC,
Deviance, Null deviance and p value for fish tracks.

Behavior GLM AIC Deviance N.u . p
deviance
Sqrt (Track
All tracks | density) ~Near | 2004.07 | 492.56 319.11 ok
distance
Sqrt (Track
Solitary | density) ~Near | 145.16 86.52 106.31 ok
distance
Sqrt (Track
Schools | density) ~Near | 1635.1 320.31 329.3 ok
distance

Fish schools were found at the same longitude but not at the
same latitude. These variables varied between years and seasons.
The habitat types with the highest number of records for both
fish schools and solitary fish are areas dominated by seagrass S.
filiforme and habitats of mixed seagrass with macroalgae, with 829
and 625 records respectively. Seagrass S. filiforme showed a higher
number of fish occurrences. However, tracks with higher density
were found near the mangrove in patches of T. testudinum with
macroalgae (Table 1).

Conclusion

Although existing ecological connectivity studies for Mexico
and the rest of Latin America have increased, they have focused
more on terrestrial habitats than on marine habitats [80]. This
work focused on coastal wetlands. Information generated from
hydroacoustics helps approximate the behavior and movements
of fish in shallow areas with SAV. Hydroacoustic variables were
useful in describing the models themselves, with sediment grain
type as meiofauna index and plant heights as epiphytes index
complemented the information as indicators of food. Model 1 is the
trophic interaction nodes between track density of both behavior
fish. The least tracks were detected far away from the coastline. In
the central region in SAV areas of LPBR interactions were observed
near the mangrove, in front of Jaina Island but not inside flooded
areas. In the southwest of the LPBR there is a high ecological
connectivity in SAV areas, however, the probability is low inside
flooded areas, indicating greater interaction near and away from
the coast line and in the city of Campeche.

In our studies we illustrated that landscape suitability is a good
indicator of ecosystem health. Landscape suitability, composed
of structural and functional integral connectivity, explained the
movement patterns of LPBR fish. The entire marine zone of the
LPBR provides ideal conditions for fish feeding without movement
resistance, especially in the northern part of the LPBR. The
flooded mangrove zone at center and southeast of the LPBR acts
as a selection filter. In general terms, not all solitary or fish schools

have a high probability of entering the estuarine-lagoon zone [81].
However, it is more likely to find solitary fish than school fish within
the flooded mangrove, and the west end and northeast areas of
LPBR far away from flooded mangrove areas with high mobility
cost. The combination of calm waters, high organic matter content,
mangroves, seagrasses, epiphytes, and high densities of infauna and
meiofauna make the LPBR a high-richness nursery area with higher
ecological connectivity specially for juvenile fish.

Maps with ecological connectivity probability showed solitary
fish preferring the mangrove ecosystem in the north of the LPBR
than in the south, while fish schools prefer seagrass and macroalgae
ecosystems. The transition of wetland ecosystems in LPBR is a
crucial area for fish interactions with infauna and meiofauna. In
the north of LPBR exhibits extensive marine intercommunication
with strategically flooded mangrove areas, where depth and land
use type do not represent a limiting barrier to fish dispersion [18].
Depth played a crucial role in identifying fish routes for every
behavior, linking interaction networks in the wetlands within the
LPBR.

Baseline cartographic inputs derived from previous satellite
remote sensing analyses were incorporated. These models are
considered integrative in themselves to demonstrate the ecological
connectivity of mangrove and seagrass ecosystem landscapes with
soil fauna and fish. Finally, it would be advisable to integrate other
variables into these models to have a broader view of integral
connectivity. Accordingto Leija & Mendoza [80], connectivity studies
primarily focus on restoration planning, followed by modeling
and planning of vegetation/land use connectivity. This study has
a potential impact on strategic spatial planning with ecological
connectivity support for policy decision-making, management, and
conservation of LPBR. Ecological connectivity can be employed as a
tool for delineating marine protected areas at the global, regional,
and local levels, including subregions leading to marine spatial
planning [82]. Thus, the generated information takes a first step
in identifying corridors in marine areas that facilitate planning
management resources and the specific use and importance oflocal
landscape and seascape habitats in LPBR [83-111].
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