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Abstract: Migratory shorebirds are currently at significant risk, with populations of multiple species
dropping globally, often due to habitat disruption and loss. The coast of northern Brazil, along the
states of Pará and Maranhão, encompasses one of the broadest expanses of shorebird overwintering
habitat for many shorebird species in the Atlantic Americas Flyway. Delineating how current
management protects shorebird habitat is an important first step to identifying gaps in protections
that then need to be prioritized. Different frameworks of conservation decision-making, such as
focusing on flagship, umbrella, or biodiversity, can be used to prioritize what habitat needs to be
protected. Understanding the effects of these different conservation perspectives is key to making
informed management decisions. Multiple dates of Landsat 8 imagery at different tidal stages were
used to identify intertidal habitats for further analysis. MaxEnt species distribution models were
derived for each species using remote sensing and landscape metrics, as well as point-count survey
data collected during the winters of 2016 and 2017. Landsat 8 and Sentinel 2 image data were included
as direct inputs to the model rather than interpreted and mapped first into different habitat types.
The resulting Maxent models successfully delineated between presence and absence locations for five
of the eight target shorebird species. The model outputs were combined to map the intertidal habitat
covered under several different management scenarios. These scenarios included using red knots
as a flagship species, semipalmated sandpipers as an umbrella species, and species richness as a
metric of shorebird diversity. Slightly more than 25% of delineated intertidal habitat was found to be
included within a designated Marine Extractive Reserve, with three major gaps in current protections
identified. The flagship, umbrella, and biodiversity perspectives result in different prioritizations
of these distinct locations. While umbrella and diversity approaches are successful at protecting
diverse communities, community assemblages of rarer or specialist species, such as the red knots,
may fall outside their protective shadows. A hybrid approach that uses both diversity and the extent
of rare flagship species produces results that best meet the management goals of identifying gaps in
existing conservation to protect the most at-risk species while conserving the diverse assemblages they
coexist with.

Keywords: red knot; semipalmated sandpipers; MaxEnt; flagship species; umbrella species;
biodiversity
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1. Introduction

Shorebird species along the Atlantic American coastline, such as Red Knots (Canutus
rufa rufa) and Semipalmated Sandpipers (Calidris pusilla), make annual migrations from
breeding grounds in the high Canadian Arctic to overwintering grounds across South
America, including the northern coast of Brazil [1–4]. Due to their reliance on numerous,
widely dispersed geographic regions for migratory and breeding success [5,6], disruption
to any component of their migratory route could lead to dramatic population declines. This
vulnerability makes shorebirds important indicator species, where population declines at
any stage of their migration may indicate problems or disruption elsewhere [7]. Unfor-
tunately, the current evidence indicates that Nearctic migratory shorebirds are imperiled,
with population numbers dropping globally [8,9]. The Atlantic Americas Flyway is no
exception, with significant population declines observed during the 1980s and 1990s; more
recent population estimates suggest a deceleration of this trend but still with numbers
falling well below conservation targets [10,11].

The population declines of several Nearctic migrant shorebird species closely linked
to disruption at a key stopover location, Delaware Bay U.S.A. [12], have been intensely
studied and managed to address the problem [13–15]. Other key sites along the Atlantic
Americas flyway are less thoroughly understood, including northern Brazil, which hosts
among the largest populations of overwintering shorebirds [1,16]. Understanding the
distribution, protection levels, and gaps in the current protection of shorebird habitat at
these key migratory locations is critical to conservation planning and decision-making for
these at-risk species that utilize northern Brazil.

As might be expected, conservation planning for a whole suite of species can be
more complex than for one species alone. Several different frameworks for multi-species
conservation planning have been developed, including umbrella species, flagship species,
and biodiversity approaches. Umbrella species conservation focuses on a single species
with a wide geographic range that encompasses the distributions of other valued and
important species. Conservation efforts can focus on protecting a single umbrella species,
with the understanding that a variety of other species will tangentially be protected [17–19].
In a similar approach, flagship species generate significant public interest, which is useful
when drumming up support for conservation and management efforts [20]. Typically, it is
the large, showy, charismatic vertebrate species that have already garnered some level of
public interest. Flagship species can serve as umbrella species if they have wide geographic
ranges that encompass other, less charismatic species. However, this is not necessarily
the case, as their primary merit is their public appeal [20]. Finally, prioritizing maximum
biological diversity in the form of diversity hot spots has also been proposed as an approach
to conservation [21]. Areas with the highest diversity of species would be given priority,
regardless of the composition of the prioritized areas.

Semipalmated sandpipers are the most ubiquitous shorebirds across the Atlantic Ameri-
cas flyway, occupying the breadth of available habitat [1,22], making them an ideal umbrella
species. Red knots have received significant attention from both the conservation community
and the public with their dramatic life history [12], a PBS documentary made about their
conservation issues [23], and their addition to the Endangered Species Act [24]. However,
red knots are significantly less abundant than semipalmated sandpipers, potentially covering
much less with their “umbrella” [1,22]. The northern Brazil migratory stopover site provides
an opportunity to quantify the implications of applying an umbrella species, flagship species,
vs. a biodiversity approach for the conservation of local shorebird assemblages.

The challenge of developing effective conservation strategies for wildlife requires
consideration of the needs of local human communities. In an effort to sustainably manage
the northern Brazilian coast, a series of Marine Extractive Reserves (MER) have been desig-
nated and managed by the Brazilian federal Chico Mendes Institute for Biological Diversity
Conservation (ICMBio). Extractive Reserves (also referred to as Reserva Extrativistas or
Resex) are a type of protected area that differ from classic “fortress” conservations, which
aims to prevent any use or disruption to the ecosystem. Instead, they “explicitly aim to safe-
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guard the livelihoods and cultures of traditional human populations” that subsist within
the region [25]. They do this by allowing the extraction of resources by local populations,
with the regulation coming not from the top-down, but bottom-up in the form of local
community-based control systems. The organization for community participation is the
essence of this management model and has become a great challenge since the creation
of Extractive Reserves [26]. Originating in the Amazon in 1990, the ER strategy quickly
expanded to the marine environment, with the first Marine Extractive Reserve (MER)
established in 1992; there are currently 22 MERs along the Brazilian coast [26,27]. The
primary intention of the MERs is to protect the fisheries and livelihood of the local fishing
communities through regulations on fishing practices, catch limits, or exclusion zones [25].

The intertidal mud- and sand-flat habitats that are critical to overwintering shorebirds
along the northern Brazilian coast partially fall within the MERs’ boundaries [28,29]. While
the primary intention of the MERs is to protect the fisheries and livelihood of the resident
fishermen [25–27], they may present an opportunity to provide de facto protection of the
habitat of migratory shorebirds. However, the effectiveness of MERs as areas of protection
for the habitat of shorebirds is not necessarily clear. Identifying and characterizing the
habitat of shorebirds was undertaken as a first step in elucidating the potential role of
these MERs in shorebird conservation. Subsequent comparison and analysis of the species
distribution model results were conducted to address three major questions:

1. To what extent is the habitat of migratory shorebirds currently protected by existing
Marine Extractive Reserves?

2. Where are important shorebird habitat sites that exist outside current protections?
3. How does shifting the conservation priorities between umbrella, flagship, and biodi-

versity lenses shift the selection of new protected sites?

2. Study Area and Methods
2.1. Study Area: Northern Coast of Brazil

The northern coast of Brazil (Figure 1), along the states of Pará and Maranhão, en-
compasses three Ramsar sites: the Baixada Maranhense site, the Reentrâncias Maran-
henses site and the Amazon River and its Mangroves Ramsar site (Ramsar Convention,
https://www.ramsar.org/wetland/brazil, accessed on 1 December 2022). These sites con-
sist of “complex estuarine system[s] of extensive islands, bays, coves, and rugged coastline
covered mainly by mangrove forest.” The Amazon River and its Mangrove site contain
one of the largest contiguous mangrove formations in the world, consisting of 8900 km2

of mangrove forest, or approximately 70% of all mangroves in Brazil. The Reentrâncias
Maranhenses, located northwest of Sao Luis, is a convoluted series of bays and inlets,
critically important for migratory shorebirds, fish, manatees, and the fishing communities
that subsist within the region. The Baixada Maranhenses present a complex range of
ecosystems, including rivers, their floodplains and estuaries, riverine forests, swamps and
lagoons. There are twelve Marine Extractive Reserves along this stretch of the northern
Brazil coastline (Figure 1).

https://www.ramsar.org/wetland/brazil


Remote Sens. 2023, 15, 452 4 of 20

Remote Sens. 2023, 15, x FOR PEER REVIEW 4 of 20 
 

 

 
Figure 1. Study area located on the northern coast of Brazil (area in red on insert map, bottom left), 
straddling the states of Pará to the west and Maranhão to the east. The 12 Extractive Reserves 
(MERs) or Reserva Extrativistas (Resex) are depicted in a separate color and labelled. Imagery 
Source: Copernicus Sentinel 2 cloudless mosaic https:/s2maps.eu by EOX IT services GmbH.   
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ods consisted of point counts conducted by pairs of observers and recorders, using fixed 
radius plots positioned along transects, with all wading birds counted within an approx-
imately 250 m radius of the observers (Figure 2). A 250 m radius was chosen as the maxi-
mum distance for consistently and accurately detecting and identifying shorebirds using 
high-power binoculars or spotting scope. Prior to the survey, observers were trained to 
estimate the 250 m distance using a range finder. A GPS was used to record starting point 
locations and record distance between subsequent points. During the survey, observers 
kept track of birds’ locations to reduce double counting. Transects were conducted by 
either walking or by boat when the shoreline was inaccessible or untraversable. Transect 
length and duration were determined largely by accessibility and tidal conditions during 
survey periods. Efforts were made to distribute transects across tidal stages and a variety 
of habitat types, including mangrove creeks, sand flats, mudflats and beaches. A total of 
700 survey points were recorded across the study region between the two survey periods, 
with 60% randomly selected for model calibration and the remaining 40% for model valida-
tion (Table 1). 

Figure 1. Study area located on the northern coast of Brazil (area in red on insert map, bottom
left), straddling the states of Pará to the west and Maranhão to the east. The 12 Extractive Reserves
(MERs) or Reserva Extrativistas (Resex) are depicted in a separate color and labelled. Imagery Source:
Copernicus Sentinel 2 cloudless mosaic https://s2maps.eu by EOX IT services GmbH.

2.2. Survey Methods

Wading shorebird presence and abundance surveys were conducted during the migra-
tory stopover period between January 2016 and 2017 in northern Brazil. Survey methods
consisted of point counts conducted by pairs of observers and recorders, using fixed radius
plots positioned along transects, with all wading birds counted within an approximately
250 m radius of the observers (Figure 2). A 250 m radius was chosen as the maximum
distance for consistently and accurately detecting and identifying shorebirds using high-
power binoculars or spotting scope. Prior to the survey, observers were trained to estimate
the 250 m distance using a range finder. A GPS was used to record starting point locations
and record distance between subsequent points. During the survey, observers kept track of
birds’ locations to reduce double counting. Transects were conducted by either walking or
by boat when the shoreline was inaccessible or untraversable. Transect length and duration
were determined largely by accessibility and tidal conditions during survey periods. Ef-
forts were made to distribute transects across tidal stages and a variety of habitat types,
including mangrove creeks, sand flats, mudflats and beaches. A total of 700 survey points
were recorded across the study region between the two survey periods, with 60% randomly
selected for model calibration and the remaining 40% for model validation (Table 1).

https://s2maps.eu
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Figure 2. Surveys consisted of 250 m radius (500 m diameter) areas (depicted as black circles)
conducted along transects across beach and mud flats accessed either by boat or foot. To ensure that
environmental variables sampled for plot characteristics only represented the intertidal zone, a mask
(orange) was utilized to limit plot statistics to the intertidal zone.

Table 1. Common name, four-letter alpha code, and Latin name of the eight modeled migratory
shorebird species. Listed for each species is the number of presence points used in model calibration,
validation, and in total, as well as the number of reserved absence points used in validation.

Species Common Name Alpha Code Latin Name
Number of
Individuals
Observed

Presence Points Absence
Points

Calibration Validation Total Validation

Black-bellied plover BBPL Pluvialis squatarola 1126 126 83 209 159
Red Knot REKN Calidris canutus rufa 1447 26 * 0 26 232

Ruddy Turnstone RUTU Arenaria interpres 1171 76 53 129 189
Sanderling SAND Calidris alba 2572 120 30 150 212

Semipalmated Plover SEPL Charadrius
semipalmatus 1357 109 64 173 178

Semipalmated Sandpiper SESA Calidris pusilla 30,064 204 75 279 167
Whimbrel WHIM Numenius phaeopus 2205 183 105 288 140

Willet WILL Tringa semipalmata 1844 113 67 180 175

* Because of the small sample size, all presence data was used for calibration of the red knot models.

2.3. Environmental Parameters

Remote sensing has been utilized to map the intertidal zone and to characterize sedi-
ment type using a variety of platforms and analytical methods [30–37]. The resulting inter-
tidal habitat maps then serve as input to shorebird species distribution models. Rather than
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employing this two-step process, the remotely sensed reflectance values were used as direct
inputs to the species distribution models. Two sources of remote sensing data were utilized
to characterize the intertidal sediment: Landsat 8 Surface Reflectance Code (LaSRC) im-
agery products (https://www.usgs.gov/media/files/landsat-8-surface-reflectance-code-
lasrc-product-guide, accessed on 1 December 2022), and the vertical-vertical (VV) and
vertical-horizontal (VH) polarized C-band images from the Sentinel 1 C-SAR Level-1
Ground Range Detected products (https://sentinels.copernicus.eu/web/sentinel/home,
accessed on 1 December 2022).

Landsat 8 imagery selection was limited due to significant cloud cover over northern
equatorial Brazil. Because of this, no preference was given to the date or time of year for
each image, only for cloud percentage and tidal stage, with dates ranging from 2013 to
2018. To compensate, multiple images for each scene were acquired, with clouds and
cloud shadows removed using methods outlined by Martinuzzi et al. [38] and subsequent
gaps filled by additional imagery. Composite images were created for both high tide and
low tide imagery for each scene in the Brazilian study region, then mosaicked together to
create a site-wide image for an analysis that encompassed seven Landsat reference tiles, or
approximately 207,000 square kilometers. Three low-tide Sentinel 1 images from 2017 were
acquired for each scene across the study area. A 3 × 3 mean filter was used for noise
reduction, and then images were coarsened to 30 m pixels to match the resolution of the
Landsat data. The mean and standard deviation of pixel values for each remote sensing
band were extracted for use in the Maxent species distribution model.

For each scene, the mean pixel value of the three processed images was used to
account for minor variations in tidal stage, orthorectified to the Landsat 8 data, then
mosaicked together, resulting in a low tide vertical-vertical image and vertical-horizontal
image for the study region. For all images, the tidal stage was determined by the methods
outlined by Murray et al. [39], using Oregon State University’s Tidal Model [40], the
date and time of each image’s acquisition, and a user-established reference point for
each scene. The Oregon State University Tidal Model is a generalized inverse model of
barotropic ocean tides, with versions designed for both global and select regional scales
(http://volkov.oce.orst.edu/tides/, accessed on 1 December 2022). One of the regions with
a specifically calibrated tidal model was the Amazonian drainage basin, where the Brazil
study is located. Methods developed by Murray et al. [39] using optical remote sensing
data, Normalized Difference Water Index, and differencing between high-tide and low-tide
images were used to extract the intertidal zone.

Climate variables were extracted from the WorldClim data set [41,42]. These included
mean average temperature, lowest minimum temperature, highest maximum temperature,
mean average solar radiation, mean average precipitation and mean average wind speed.

A series of landscape metrics thought to potentially influence shorebird habitat quality
were derived for inclusion as independent variables in the Maxent models (Figure 3).
These variables included raster grid cell maps of distance to a river mouth, distance to
human development, distance to mangroves, degree of tidal exposure and year-to-year
permanence of the intertidal habitat. For more information on the rationale as well as the
methods employed to derive these landscape metrics, please refer to Appendix A.

https://www.usgs.gov/media/files/landsat-8-surface-reflectance-code-lasrc-product-guide
https://www.usgs.gov/media/files/landsat-8-surface-reflectance-code-lasrc-product-guide
https://sentinels.copernicus.eu/web/sentinel/home
http://volkov.oce.orst.edu/tides/
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2.4. Species Distribution Modeling

Developing a species distribution model (SDM) begins with observations of species
occurrences and incorporates environmental variables thought to influence habitat suitabil-
ity and, therefore, species distribution [43,44]. The objective of the SDM is to predict the
potential geographical distribution of the species in the form of a predictive map. Presence-
only-based distribution models for the intertidal foraging habitat of each of the eight species
were derived using a maximum entropy modeling approach via the MaxEnt software
package (version 3.4.1) (https://biodiversityinformatics.amnh.org/open_source/maxent/,
accessed on 1 December 2022). MaxEnt estimates the probability of presence conditioned
on the environment using presence-only data [45]. Environmental variables for the models

https://biodiversityinformatics.amnh.org/open_source/maxent/
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consisted of landscape metrics (distance to rivers, distance to developed areas, distance to
mangroves, tidal exposure, and tidal permanence), remote sensing metrics that character-
ized the intertidal sediment (seven bands of optical, near-infrared, and short wave infrared
from the Landsat 8 platform, and two bands of vertical-horizontal and vertical-vertical
polarized C-band synthetic aperture radar from the Sentinel 1 platform), as well as climatic
variables from the WorldClim data set for a total of twenty-nine input variables. To match
the scale of survey plots and input data to projected data, environmental layers were
generated using 250 m radius moving window filters and the original layers. For example,
each remote sensing band had two layers, one where each 30 m pixel represented the mean
of all 30 m pixels within a 250 m radius in the original raster; another where each 30 m
pixel represented the standard deviation of all 30 m pixels within a 250 m radius.

MaxEnt estimates the probability of presence starting with the ratio of the conditional
density of the covariates at the presence sites and the unconditional density of covariates
across the whole landscape using an exponential model. The output is transformed into a
logistic model, with the transformed prevalence value (transformed to “Tau”) arbitrarily
set to a constant of 0.5 [46]. We used a leave-one-out cross-validation approach where the
calibration occurrence data (60% of all data) is randomly split into 10 equal-sized “folds”;
the model is run 10 times with a different fold left out each time for evaluation, and then
the average of all runs is used in the final evaluation. To reduce the overfitting of the
model, a ‘bias’ file was generated using the 250 m buffered survey points. Bias layers act
as exclusionary regions by MaxEnt when generating the background samples where the
background data is sampled from within the surveyed areas so that the pseudo-absence
background data has the same sample biases as the survey data itself.

MaxEnt evaluates each variable within the model based on the metrics of “percent
contribution” and “permutation importance”. Percent contribution is derived during the
iterative model training process, where variables contribute either negatively or positively
to model response each iteration, with these contributions summarized by the percent
contribution value. Permutation importance is derived when training presence and back-
ground variable data are randomly permutated, with subsequent models evaluated based
on the drop in training area under the curve (AUC) scores, normalized as percentages. In
other words, each variable is evaluated by assigning a random value to it and seeing how
poorly the models function with the randomly assigned value compared to the actual data.
The two metrics, percent contribution and permutation importance can then be used to
interpret the importance of different variables for model function [44–46].

A common approach to overall model evaluation uses measures of predictive success,
specifically the AUC scores generated by MaxEnt. Receiver operator curves (ROC) are
generated by plotting model sensitivity (proportion of correctly classified presence) as a
function of commission error using not true absences but pseudo-absences generated from
background data. AUC scores serve as summaries of these plots, indicating the probability
that true presence will have a higher model output than a true absence or, in the case of
MaxEnt, a pseudo-absence [45]. AUC scores can be useful tools for discriminating between
models, though some criticism points out that, unlike other metrics of model performance
(e.g., AIC, BIC), AUC does not penalize models for the numbers of variables it uses [47].
In other words, AUC scores do not prioritize parsimony and can result in exceptionally
complex models whose biological significance is difficult to determine. Elith et al. [46]
suggest that AUC scores should be greater than 0.75 for models to serve as a useful
discrimination of presence.

2.5. Validation

Outputs of Maxent models were summarized for the area within each of the 40%
of survey records reserved as validation points. For most species, validation data was
split into presence points, where the respective species were observed, and absence points,
where the species was not observed (Table 1). Welch’s t-test was used to determine if
the mean predicted probability of presence (the Maxent output) values for the presence
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points were significantly different from the mean Maxent values for the absence point.
Welch’s t-test is designed for populations with unequal variances but does assume a normal
distribution of values within the population. This approach to validation was repeated
for each species model, with their respective presence and absence points. Because of its
small sample size, the red knot was the only species that did not have separate validation
presence data. Instead, all of the presence data was used as a calibration and was tested
against the absence validation data.

2.6. Thresholding Predicted Specie Presence

The predicted probability of presence derived by MaxEnt is not an absolute value
but rather relative to the model itself. The pixel with a value of 0.3 for “Species A” may
not be as important as the same pixel value for a model of “Species B” [45]. In order to
more directly compare the predicted distributions, the continuous model output can be
converted into the binary categories of “predicted presence” (1) or “predicted absence” (0)
using thresholds based on model performance metrics. There are a number of metrics used,
but the most common is the equal training sensitivity and specificity metric derived by
MaxEnt. Equal training sensitivity and specificity aim to balance errors of commission and
omission with model outputs above the threshold considered presence pixels (1), while
values below are considered absence pixels (0) [48]. Predicted presence raster maps were
created for each of the eight shorebird species of interest using a 30 m grid cell size. A
species richness map was generated by compositing all eight individual species models
to determine how many species were predicted to be present for each grid cell (i.e., the
number of target shorebird species for which that grid cell was designated as a suitable
habitat) [49].

2.7. Comparing Conservation Strategies

The areal amount and spatial pattern of habitat that would be prioritized for shorebird
conservation were determined for three different approaches to conservation prioritization,
namely flagship species, umbrella species, and biodiversity. The threshold-derived binary
raster map for the presence of the red knot was used for the flagship species strategy. Simi-
larly, the threshold-derived binary raster map of presence for the semipalmated sandpiper
served as the basis for the umbrella species strategy. The species richness map served as
the basis for evaluating the locations that served as habitats for the greatest diversity of
shorebird species. Grid cells with five or more species were classified as a high priority.
These layers were then used to assess how much habitat was protected underneath each
scenario across the whole landscape and within the Marine Extractive Reserves. Due to
its special conservation status as a threatened species, the amount of predicted red knot
habitat under the umbrella and biodiversity conservation strategies were also assessed
(note that as red knot served as the flagship species, this was already quantified under the
flagship conservation strategy).

2.8. Identifying New Conservation Zones

Overlaying the coverages of each conservation approach resulted in rasters for each
modeling method where each pixel represents whether or not one, two, or all three ap-
proaches designated that pixel as an important habitat, as well as the specific combination
of conservation scenarios. Using these rasters and image interpretation, a gap analysis [50]
was undertaken to identify areas outside of existing Marine Extractive Reserve protections
(Figure 2) that appeared to have a high proportion of protected area based on the flagship,
umbrella, and/or biodiversity conservation strategies. An area-weighted species richness
was calculated by multiplying the area of each richness category by the richness value and
dividing it by the total intertidal area within the delineated conservation zone boundary.
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3. Results
3.1. Model AUC and Validation Results

Four of the species models (BBPL, RUTU, WHIM, WILL; Table 2) had AUC scores
above the suggested minimum for useful discrimination of 0.75 [51]. The remaining four
species had AUC scores just below the threshold (0.718–0.744). Seven out of the eight
models, with the exception of BBPL, passed Welch’s t-test validation test with a mean
predicted probability of presence higher in presence points compared to absence points of
the reserved validation data (Table 2).

Table 2. AUC scores and t-test comparing presence and absence points of reserved validation data.
Shaded boxes indicate models with AUC scores greater than the 0.75 threshold suggested for useful
discrimination of presence. Shaded boxes in the t-test column indicate models that passed the
validation test with a mean predicted probability of presence higher in presence points compared to
absence points of the reserved validation data.

AUC t-Test
BBPL 0.781 0.3675

REKN * 0.743 0.0312
RUTU 0.761 0.0011
SAND 0.744 0.0237
SEPL 0.726 0.029
SESA 0.718 0.0034

WHIM 0.791 <0.001
WILL 0.85 <0.001

* Unlike the other 7 species, red knot models were calibrated with all available presence data due to the smaller
sample size.

3.2. Analysis of Shorebird Habitat within Marine Extractive Reserves

The MERs cover 347 km2 out of a total of 1337 km2 of mapped intertidal habitat
(Table 3), which equates to approximately 26%. Approximately 20% of the area (261 km2)
was not identified as a habitat for any of the target shorebird species (Table 3). As might be
expected, the area predicted as shorebird habitat declined with species number, i.e., areas
predicted to serve as habitat for all eight species were much rarer than areas predicted
to serve as habitat for only one or two species. MERs protected approximately ~25% of
the area for each level of species richness (one through seven) and somewhat higher for a
richness of eight (Table 3). The weighted species richness for the MERs was calculated to
be 2.89 as compared to 1.89 for the broader intertidal habitat area as a whole.

Table 3. Number of Shorebird species habitat present as predicted from Maxent models. Zero
indicates that zero species had the pixel designated as habitat, while eight indicates eight species had
the pixel designated as habitat.

# of Species
Total Intertidal Within MER

Area (km2) % of Total Area (km2) % of Category

0 261.1 19.5 83.2 31.9
1 358.6 26.8 85.3 23.8
2 217.5 16.3 59.6 27.4
3 131.3 9.8 33.2 25.3
4 108.9 8.1 27.8 25.6
5 103.2 7.7 20.8 20.2
6 103.4 7.7 19.2 18.6
7 47.8 3.6 14.6 30.5
8 5.41 0.40 3.13 57.76

Total 1337.2 346.8
Weighted

species richness 1.89 2.89
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3.3. Comparison of Conservation Strategies

Marine Extractive Reserves protected approximately 44%, 17%, and 22% of the areas
designated as important by the flagship, umbrella, and biodiversity approaches, respec-
tively (Table 4). The High Biodiversity approach had a weighted species richness of
5.83 compared to the 4.35 and 3.23 for the Umbrella and Flagship approaches, respectively
(Table 4). The Umbrella approach protected slightly more red knot habitats than the High
Biodiversity approach, at 35% vs. 27%, respectively. The different conservation strate-
gies resulted in different, often overlapping, coverages. The categories with the broadest
spatial extent were solely designated as habitat by the umbrella approach (223 km2 or
35.5%, Figure 4), followed by areas designated as important by both richness and umbrella
(197 km2 or 31.3%, Figure 4) and finally flagship (121 km2 or 19.4%, Figure 4). Only 7.2%
(45 km2) of habitat was considered important by all three conservation strategies (Figure 4).

Table 4. Area of habitat inside and outside the Marine Extractive Reserves (MERs) that would be
designated as important based on either the flagship approach (red knots, REKN), the umbrella
species approach (semipalmated sandpipers, SESA), or a biodiversity approach (species richness ≥ 5).
Total predicted red knot (REKN) intertidal foraging habitat covered and area-weighted species
richness under each approach, both in and out of MER.

Flagship
km2 (%)

Umbrella
km2 (%)

Diversity
km2 (%)

In MER 87.9 (44.3) 82.3 (16.8) 57.8 (22.2)
Out MER 110.4 (55.7) 406.0 (83.2) 202.0 (77.8)

Total 198.3 488.2 259.8

Overall Weighted
Species Richness 3.23 4.35 5.83

REKN Habitat 198.3 (100) 68.6 (34.6) 53.5 (27.0)

Remote Sens. 2023, 15, x FOR PEER REVIEW 11 of 20 
 

 

Weighted species 
richness 

1.89 2.89 

3.3. Comparison of Conservation Strategies 
Marine Extractive Reserves protected approximately 44%, 17%, and 22% of the areas 

designated as important by the flagship, umbrella, and biodiversity approaches, respec-
tively (Table 4). The High Biodiversity approach had a weighted species richness of 5.83 
compared to the 4.35 and 3.23 for the Umbrella and Flagship approaches, respectively 
(Table 4). The Umbrella approach protected slightly more red knot habitats than the High 
Biodiversity approach, at 35% vs. 27%, respectively. The different conservation strategies 
resulted in different, often overlapping, coverages. The categories with the broadest spa-
tial extent were solely designated as habitat by the umbrella approach (223 km2 or 35.5%, 
Figure 4), followed by areas designated as important by both richness and umbrella (197 
km2 or 31.3%, Figure 4) and finally flagship (121 km2 or 19.4%, Figure 4). Only 7.2% (45 
km2) of habitat was considered important by all three conservation strategies (Figure 4). 

Table 4. Area of habitat inside and outside the Marine Extractive Reserves (MERs) that would be 
designated as important based on either the flagship approach (red knots, REKN), the umbrella 
species approach (semipalmated sandpipers, SESA), or a biodiversity approach (species richness ≥ 
5). Total predicted red knot (REKN) intertidal foraging habitat covered and area-weighted species 
richness under each approach, both in and out of MER. 

 Flagship 
km2 (%) 

Umbrella 
km2 (%) 

Diversity 
km2 (%) 

In MER  87.9 (44.3) 82.3 (16.8) 57.8 (22.2) 
Out MER  110.4 (55.7) 406.0 (83.2) 202.0 (77.8) 

Total  198.3 488.2 259.8 
Overall Weighted Species Richness 3.23 4.35 5.83 

REKN Habitat 198.3 (100) 68.6 (34.6) 53.5 (27.0) 

 
Figure 4. Relative composition of the sum total intertidal habitat area designated by the different 
management approaches. 

  

Figure 4. Relative composition of the sum total intertidal habitat area designated by the different
management approaches.

3.4. Identifying New Conservation Zones

A gap analysis identified three areas outside of the existing Marine Extractive Reserves
that contained significant shorebird habitat under the different management scenarios. Baía
do Cumã is found between the municipalities of Guimaraes and Alcantara in Maranhão
state and has approximately 35.5 km2 of intertidal habitat. Though only a small portion is
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designated as important habitat by flagship red knot models, the species richness for the
region is high (Table 5). Baía de São José is found to the southeast of São Luís, the state
capital of Maranhão, and has approximately 90 km2 of total intertidal habitat. Baía do Cumã,
has a significant amount of habitat valued for the umbrella species, the semipalmated
sandpiper (Table 5). Finally, directly adjacent to the largest existing marine extractive
reserve, Resex Cururupu, is an area consisting of several islands that have a significant
portion, 98 km2, of intertidal area designated as important habitat by the flagship red knot
model (approximately 31 km2, or 32%, Table 5).

Table 5. Area of each potential conservation zone delineated by conservation strategy.

Area
km

Flagship
km2 (%)

Umbrella
km2 (%)

Biodiversity
km2 (%)

Baía do Cumã 35.5 2.2 (6.1) 30.7 (86.7) 22.7 (64.0)
Baía de São José 90.2 0.0 (0.0) 65.2 (72.3) 36.1 (40.0)
Resex Cururupu 97.9 31.0 (31.6) 44.1 (45.1) 30.0 (30.6)

4. Discussion

The two metrics of model efficacy, AUC and t-test comparing presence-absence validation
points, did not always corroborate each other. For example, black-bellied plover models had
reasonably high AUC scores but failed to distinguish between presence and absence validation
data (Table 2). While only four of the eight species had AUC scores above the 75% threshold,
seven of the eight had significant t-test scores. One possible explanation for the discrepancy
in the two metrics of model efficacy is the bias layer that was utilized to prevent overfitting.
A bias mask layer can be used in the Maxent package to compensate for areas that were
oversampled by the survey effort, typically a mask of the survey area itself or occurrence data
of taxonomically related species. In this case, surveys were typically conducted in areas that
were easier to access via boat or walking. Areas outside the mask are then excluded from the
background sampling, ensuring that the background pseudoabsences have the same sample
biases as the occurrence data [52]. It is possible that our bias file may be overcompensating, as
models run without the bias file had much higher AUC scores that more closely aligned with
the t-test of the validation points.

With the goal of presence-only models accurately predicting the presence of a species,
we more heavily weighted Welch’s t-test as our primary model evaluation metric as this
metric more closely reflected the effectiveness of models in discriminating between pres-
ence and absence points. Given the challenges around model evaluation, further external
validation of these models would be advisable and possible with reference to previously
conducted aerial surveys [53] or even data from geolocators used in tracking migration
patterns [54]. However, there may be challenges matching the scale of models based
on point-count surveys with that of aerial surveys or geolocators designed for tracking
continent-spanning movement. Confirmation of modeled distributions with independent,
spatially explicit point count surveys may be advisable before significant resources are
dedicated to conservation decisions based on this approach. Despite this caution, it can be
said with confidence that the delineated extents of shorebird distributions demonstrate sig-
nificant differences between presence and absence points for most species, making a strong
case for any inferences regarding shorebird distributions under different conservation
scenarios across northern Brazil.

Evaluating simple coverage under the umbrella, flagship and biodiversity strategies
is necessary before addressing the primary research questions: the extent of habitat pro-
tected by existing MERs, important sites outside of current protections, and how changing
between strategies changes site selection. Very little of the total landscape was highly
species-rich, with areas achieving a predicted species richness of seven covering approxi-
mately 48 km2 (less than 4%, Table 3), even less so for all eight species (less than 1%, Table 3).
Similar patterns of coverage emerge between the three conservation scenarios across both
modeling regimes. The flagship approach is the most restrictive (~225 km2), the umbrella
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the widest (~470 km2), and the biodiversity approach is similar to the flagship (~250 km2)
(Table 4). This generally follows the convention that the relatively small population of
flagship red knots would have a more restrictive range than a high-population, generalist
species such as the umbrella semipalmated sandpipers [1,22]. The extent of these coverages
differs significantly, particularly when considering the overlap between all three. A major-
ity of flagship (61% in both models) and a significant portion of umbrella coverage (~43%
for both models) is found in isolation from the other management regimes. Less than 10%
of the total area designated by any of the regimes is protected by all three (Figure 4). This
is problematic when considering how the umbrella species and biodiversity approaches
protect the numerically sensitive red knots. Umbrella species protect only ~35% of the
delineated red knot habitat, with biodiversity even more restricted to ~27% (Table 4).

Only a small proportion of the intertidal landscape was predicted to be species-rich,
with pixels of species richness of seven or more covering slightly 4% of the intertidal
landscape (Table 3). All conservation strategies (flagship, umbrella, and biodiversity)
disproportionately protected more species-rich habitats (Table 4). While not surprising for a
biodiversity approach, it may be less obvious for the single species approaches. As richness
increases, it would be more likely for the focal species (flagship red knot or umbrella
semipalmated sandpipers) to be included in the richness count. However, the umbrella
approach had an even higher preference for species richness than the biodiversity approach,
which explicitly preferred species-rich habitats (richness > 4). This may be a product of
semipalmated sandpipers’ broad niche and ability to utilize a wide range of habitats
and resources [55]. Furthermore, previous research within the northern Brazil study site
indicates that food scarcity may be a limiting factor [28], resulting in greatly overlapping
niches between shorebirds. Limited resources result in more overlapping niches as species
utilize the same resources, while abundant resources can lead to more distinct niches or
specialization [56–58]. Semipalmated sandpipers’ broad use of a diversity of otherwise
limited resources may result in them regularly co-occurring with more specialist species.

Evaluating the response of Maxent variables gives some insights regarding these differ-
ences in coverage based on the habitat characteristics predicted as suitable for the different
species. Red knot models had higher responses to lower values of vertical-horizontal radar
backscatter and higher model response closer to river mouths. Semipalmated sanderlings
had a higher model response to high vertical-horizontal radar backscatter and no clear pref-
erence for distance to rivers. Radar backscatter has been shown to inversely correlate with
sediment size, with increasing backscatter response as sediment size decreases in this study
area [37]. This suggests that red knots prefer sand substrate (lower vertical-horizontal
backscatter) with relatively frequent tidal inundation, while semipalmated sandpipers
prefer mud-dominated substrates (higher vertical-horizontal backscatter). Discrepancies
in habitat preference may explain the widely differing areal footprints mapped by each
management perspective. These differences highlight how evaluating existing protections
or identifying and prioritizing new sites solely on the spatial extent of either umbrella or
biodiversity frameworks may leave more numerically and spatially restricted species, such
as the flagship red knot, at risk.

Addressing the first research question regarding the extent of current protections,
Marine Extractive Reserves do not cover a majority of the identified important shorebird
habitats (Tables 3 and 4). Less than a quarter of the most shorebird species-rich (i.e.,
five or more species) habitat areas fell within the bounds of a MER (Table 3). Less than
twenty percent of the umbrella species (SESA) and somewhat better 44% of our flagship
species (REKN) fell within a MER. This level of conservation protection is similar to other
important stopover locations found in other flyways. In the East Asian-Australasian Flyway,
approximately 23% of tidal flats in China and only 12% of flats in South Korea are protected
by existing management [59]. Australia has slightly better protection continent-wide (39%),
though areas most used by shorebirds may also be the least protected [60]. While a not
insignificant portion of northern Brazil’s intertidal habitats fall within MERs, the MERs do
not have shorebird conservation as their primary consideration.
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Although MERs include important shorebird habitats, the success and effectiveness
of the MER model depends on the role of local leaders and the grassroots work that
institutional managers must carry out. The central issue is the recognition of territorialities
and the strengthening of the social movement of extractivists (i.e., local people who live
in or near and their livelihood depends on the MER) for the conservation of natural
resources [26]. Current management regulations are designed to protect the local artisanal
fisheries [25] such that areas currently within a MER may not be adequately managed
for shorebird-centric conservation. Management designed without shorebirds in mind
may leave significant risks in place to local and migratory shorebird populations. For
example, shorebirds can be particularly susceptible to interruptions to foraging due to
human disturbance during migratory stops [61,62]. More directly, subsistence hunting is
a serious pressure on shorebird populations in the Caribbean and neighboring regions of
South America, with significant annual harvests [63,64].

Ensuring cooperation with diverse stakeholders, such as local fishing communities
that use beaches for vehicle transport or supplementally hunt shorebirds, is critical for the
success of biodiversity conservation [65]. Furthermore, economic sustainability, particularly
regarding alternative sources of income for local fishing communities, remains one of the
biggest shortfalls of the MER system [27]. Education activities on the importance and
needs of birds, actions to strengthen the social organization of extractivists and financial
investment in sustainable economic activities based on traditional knowledge are ways
to strengthen MERS, increasing their effectiveness and protecting birds. Ecotourism in
other contexts has successfully provided viable, stable, and long-term alternative sources
of income for communities [66,67]. Incorporation of shorebird conservation management
into existing MER regulations, such as seasonal limits to vehicle use or hunting, managed
and enforced by the local communities, will be an important step to protecting shorebird
habitat already under the wing of current MERs and future conservation sites outside of
existing protections.

Identifying and protecting important shorebird habitat areas outside of the existing
MER system constitutes a complementary approach to enhancing shorebird conservation.
Using the three conservation strategies (flagship, umbrella, and biodiversity), three poten-
tial areas for shorebird conservation prioritization (i.e., conservation gaps) were identified:
Baía do Cumã, Baía de São José, and a region directly adjacent to the largest existing MER,
Resex Cururupu. The Baía do Cumã, and Baía de São José regions stood out as having high
proportions of the area identified by the umbrella and/or the biodiversity strategies but
only minimal habitat for the flagship species (6.1 and 0% for Baía do Cumã, Baía de São
José respectively) (Table 5). The area adjacent to Resex Cururupu stood out as containing a
significant proportion of habitat designated by the flagship red knot model (32%) with only
a comparatively modest percent area valued under the umbrella and biodiversity strategies
(Table 5). This third area is illustrated in Figure 5 as an example; maps of the other two
conservation gap areas are included in the Supplementary Materials. The intertidal habitat
areas identified as suitable habitat for the flagship species, the red knot, generally consists
of more exposed offshore flats, while the other two strategies identified more sheltered
locations closer to the mangrove islands (Figure 5).

Using these three locations as case study examples of locations under the different
conservation strategies, we address the final question: How does shifting conservation
priorities between umbrella, flagship, and biodiversity lenses shift the protected site se-
lection? Both Baía do Cumã and Baía de São José have high coverage by the umbrella
semipalmated sandpipers (86.7 and 72.3%, respectively), though Baía do Cumã has a
higher species richness with 64% of its extent valued by the biodiversity approach as
compared to 40% for Baía de São José (Table 5). In this example, an umbrella-only approach
does not differentiate between the locations as well as the high biodiversity approach
does. Neither of these sites would be considered a high priority under the flagship strat-
egy. Under a flagship conservation priority, the area adjacent to Resex Cururupu stands
out as containing significant amounts of flagship habitat but only more modest amounts



Remote Sens. 2023, 15, 452 15 of 20

of umbrella or high biodiversity habitat (Table 5). Efforts specific to protecting the red
knot may prioritize similar areas at the potential cost of protecting more diverse shore-
bird assemblages. A hybrid approach utilizing both flagship and high biodiversity ap-
proaches could compensate for these issues. The total area covered by the hybrid approach
(430 km2) is more inclusive than either flagship (248 km2) or high biodiversity (246 km2)
alone, though slightly more conservative than the umbrella species perspective (460 km2). A
hybrid flagship-biodiversity approach still results in considerably higher weighted species
richness than the landscape as a whole (4.1 vs. 1.89), as well as 100% coverage of the
species-rich areas and the rarer flagship red knots. Using this hybrid approach, the Baía
do Cumã, Baía de São José, and the area west of Resex Cururupu clearly stand out as
important gaps in the existing MER system.
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5. Conclusions

Distribution modeling of migratory shorebird foraging habitat based on remote sens-
ing and landscape habitat metrics successfully delineated between presence and absence
locations for five of the eight target species. Marine Extractive Reserves, the current con-
servation paradigm in northern Brazil, protect ~25% of the intertidal habitat, comparable
to other important migratory shorebird locations globally (23% in China, 12% in South
Korea, 39% in Australia). Three major gaps in current protections were identified. The
flagship, umbrella, and biodiversity perspectives result in different prioritizations of these
distinct locations as well as more broadly across the study area. Between the three conser-
vation strategies, the expansive umbrella approach covered the most habitat and captured
reasonably high diversity; the diversity approach effectively produced diverse, if slightly
more restricted areas and the flagship red knots generally protected less, both in terms of

https://s2maps.eu
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area and diversity. While umbrella and diversity approaches are successful at protecting
diverse communities, community assemblages of rarer or specialist species, such as the
red knots, may fall outside their protective shadows. A hybrid approach that uses both
diversity and the extent of rarer species produces results that best meet the management
goals of identifying gaps in existing conservation to protect the most at-risk species while
conserving the diverse assemblages they coexist with.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15020452/s1, Figure S1: Map of potential conservation zone,
Baía do Cumã. Figure S2: Map of potential conservation zone, Baía de São José.
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Appendix A

Further information on the landscape metrics derived for inclusion as independent
variables in the Maxent models:

Distance to rivers

Rivers can influence both the nutrient content [68] and sediment composition [69] of
coastal ecosystems. The freshwater, nutrient and sediment inputs can influence invertebrate
distributions, subsequently, shorebird distributions [70–72]. To account for this possibil-
ity, a point was digitized for every river that empties into the study region, determined
using hydrological data and visual interpretation of satellite data, resulting in 228 points
representing different river mouths. Using these points, a Euclidean distance raster was
generated to estimate the distance from a river mouth.

Distance to developed areas

Disturbance from human activities could influence shorebird foraging behavior and
subsequent distributions across intertidal flats [61,62,73]. As a proxy for disturbance
potential, a raster of Euclidean distance to developed areas was generated. Developed
areas were determined through satellite image interpretation, aided by Brazilian census
data. Regions with significant populations and noticeable footprints, typically villages
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with a number of buildings and permanent infrastructure like docks and powerlines, were
represented by digitized points where developed areas intersected with coastal habitat.
The mean distance of each plot was used in the model.

Distance to mangroves

Mangroves are often utilized by a variety of shorebird species as a refuge or roost-
ing habitat. Proximity to mangroves has been demonstrated in previous research as an
important component in habitat choice for some shorebird species in some migratory loca-
tions [74,75]. Mangroves are a dominant component of the landscape in northern Brazil,
and earlier work in the region indicates that they may play an important role there as
well [28]. The mean distance was calculated for each plot and utilized in the Maxent model.

Tidal exposure

How often different segments of a tidal flat are exposed throughout a tidal period
may also influence shorebird foraging patterns [76,77]. To estimate what portions of flats
are exposed at low and mid tides, additional imagery taken at mid-tide was acquired and
processed in the same fashion as described above to isolate the intertidal zone. This, combined
with the low tide intertidal area already isolated, resulted in a raster where the intertidal
zone was differentiated into two categories: areas exposed at low tide and areas exposed at
mid-tide. The most common value of each plot was then used as the habitat metric.

Permanence

Permanence, or the approximate likelihood of any given patch of intertidal zone
existing from one year to the next, may be an important characteristic that species use
to determine habitat value. Site fidelity, or individuals using the same location from one
year to the next, is highly prevalent in some overwintering locations for some species of
migratory shorebirds [78,79]. A crude metric of permanence was developed based on the
intertidal imagery accrued for this project. For each pixel, the intertidal zone was delineated
in two images, one from an earlier date and one from a later date. Because of the challenges
associated with cloud-free, tide-specific image acquisition at the site, replicating consistent
dates or even date ranges was impossible. As such, “old” and “new” imagery ranged
between 1 and 3 years apart in age. Each pixel was then categorized as: present only in
the earlier image (1), present only in the later image (2), or present in both earlier and later
images (3). The mode or most common value was then calculated for each plot.
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