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Vera  Maria  Ferreira  da  Silva a,b

a Laboratório de Mamíferos Aquáticos, Instituto Nacional de Pesquisas da Amazônia (INPA), Av. André Araújo, 2.936, Petrópolis, 69067-375, Manaus, AM, Brazil
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h  i g  h  l  i  g  h  t  s

• Direct/indirect  sample methods  com-
bined  gave best  occupancy/detection
estimates.

• Detection  probability was high and
positively related  with  macrophyte
coverage.

• Final  occupancy estimate can  be
baseline  to Purus River  long-term
monitoring  studies.

• Hierarchical  model  potential to  know
aquatic  mammals  distribution.

• Our data support  the  selection  of
priority  areas  for  the  species’  conser-
vation.
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a b  s  t  r a  c t

Understanding  the  distribution and  abundance of threatened  species  is  crucial  to elaborate  effective
management plans for  wild populations;  however,  elusive species  prove  difficult  to detect. To  support
conservation strategies for  the  Vulnerable  Amazonian  manatee (Trichechus  inunguis),  the  only freshwater
sirenian,  we  analyzed  presence/absence  data  with  hierarchical models  based  on imperfect  detection  to
assess  T. inunguis  occupancy  in a Sustainable  Development  Reserve, Brazilian  Central Amazon. In  parallel,
we  compared  the  effectiveness of direct and  indirect sampling  methods  to provide occupancy  ( )  and
detection  (p) estimates.  Combining both  sampling  methods’ presence datasets  provided  higher accuracy
estimates. The  Amazonian manatee’s  detection probability  had never  been estimated before:  surprisingly,
it  was  high  (p  =  0.50, SD  =  0.05)  and positively related  with macrophyte  coverage. Results  suggest that  the
studied communities  resident  impact  is not affecting  the  manatee occupancy,  with  greatest  probabilities
closer  to human  settlements.  The  final  occupancy  estimate obtained  (  = 0.85,  SD  = 0.12) can  be  a baseline
to  Amazonian manatee long-term monitoring  studies,  and  provide support  for  decision  makers  and local
communities  to  establish  effective  protection  zones  for  the  species.  Our  approach highlights the  potential
of  hierarchical models to understand  the  distribution not only  of T. inunguis  in  different  habitats,  but  also
of other  threatened  Amazonian  aquatic  mammals.
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Introduction

Understanding species distribution while identifying distinctive
habitat components is crucial to  elaborate effective management
plans for endangered populations (Yoccoz et al., 2001; Pollock et al.,
2002; Rushton et al., 2004). However, distribution and habitat use
data can be highly demanding due to intense logistic effort and dif-
ficulties in detecting individuals (Thompson, 2004;  Sewell et al.,
2012; Castelblanco-Martínez et al., 2017). Gathering distribution
data from fully aquatic mammals like sirenians is particularly chal-
lenging due to difficulties in detecting individuals at surface for
scarce time (Marmontel et al., 2012).

The Amazonian manatee (Trichechus inunguis) is  the only exclu-
sively freshwater sirenian, and endemic to  the Amazon river Basin
(Best, 1984). Its movement and distribution are associated with the
Amazon River’s flood pulse (Junk and da Silva, 1997), moving out
of river channels and floodplain lakes onto adjacent flooded forests
with the seasonal rise of river waters, and returning to deep-water
and perennial lakes during the low river waters season (Arraut et al.,
2010). So far, studies addressing T.  inunguis distribution are scarce
due the limitation of sampling methods (Timm et al., 1986; Reeves
et al., 1996). Amazonian manatees are incredibly difficult to visu-
ally detect as they only briefly expose their snout when breathing
at water surface. Furthermore, river turbidity associated with the
animal’s dark skin color masks potential detections at subsurface
(Rosas, 1994).

The species was extensively exploited, particularly at the Purus
River (Pereira, 1944; Domning, 1982; Antunes et al., 2016), and
has been under federal protection since 1967; currently listed as
“Vulnerable” to extinction in the National List of Brazilian Fauna
(ICMBio, 2018) and in the Red List by the International Union
for Conservation Nature (IUCN) (Marmontel et al., 2016). Still, it
is hunted for subsistence and illegal trade in popular Amazonian
markets (Franzini et al., 2013; Souza, 2015), suggesting a  severe
population decline over last decades (Marmontel et al., 2016).
Therefore, studies about anthropogenic and environmental factors
influencing T. inunguis occurrence are key to support much-needed
conservation efforts in Brazil and throughout the species’ occur-
rence range.

The importance of environmental factors in sirenian distribu-
tion has been particularly explored for the American manatee
(Trichechus manatus) and the dugong (Dugong dugon) using mul-
tiple sampling methods, from satellite and GPS tracking (Sheppard
et al., 2006) to aerial surveys (Marsh et al., 2004). For the T. manatus,
distance to freshwater sources and depth variables are considered
the most important to develop habitat models and support con-
servation strategies for this species (Alves et al., 2013; Landero
et al., 2014;  Favero et al., 2020). For the Amazonian manatee, avail-
ability of preferred food and aquatic space reduction and predator
aggregation influence specie’ habitat selection (Arraut et al., 2010).
However, environmental factors influence not only the real dis-
tribution of individuals, but also affect individual detectability
probability associated with different methods over space and time
(Mackenzie, 2005; Luiselli, 2006). If unaccounted for, variability
in detection probability may  mask significant biological processes
leading to inadequate management decisions (Yoccoz et al., 2001;
Tyre et al., 2003;  Issaris et al., 2012).

Current prevailing sampling methods are unable to  detect all
individuals occupying a  study area (Mackenzie et al., 2002; Royle
and Nichols, 2003). Thus, variable detectability and missed detec-
tions must be accounted for during data analysis. Nowadays,
imperfect detection has been incorporated into occupancy mod-
els based on maximum likelihood (OMML) (Mackenzie et al., 2006),
increasing precision and applicability of spatial distribution studies
in wildlife management. OMML  models are a  low-cost alterna-
tive for viable estimates of species population trends and wildlife

monitoring (Mackenzie and Kendall, 2002; Bailey et al., 2004;
Guillera-Arroita et al., 2010)  that has successfully been used to
investigate for instance the status of river dolphins (Bashir et al.,
2012) and dugongs’ occupancy (D’Souza et al., 2013).

Despite its historical relevance to the Amazon’s ecosystem and
people, understanding how Amazonian manatees use habitats and
identifying environmental and anthropogenic factors that affect
their distribution in  different scales has been a great challenge for
the conservationists. The present study aimed to determine which
factors are the most important to estimating Amazonian mana-
tee’s occupancy and detection probabilities. Our hypotheses were:
(1) manatee occupancy is affected by proximity to  the human set-
tlements, (2) manatee detection is  driven by the depth of water
body, and (3) the combined use of methods improves the species’
occupancy estimates.

Materials and methods

Study area

The study was  conducted in  the Piagaç u-Purus Sustainable
Development Reserve (hereafter PP-SDR) (4◦05’, 5◦35’S and 61◦73’,
63◦35’W), located in the Purus River basin, Brazilian Amazon
(Fig. 1). The PP-SDR has an area of 834,245 hectares with approx-
imately 4000 residents, who live in a  traditional subsistence
economy based on hunting and fishing that  accompanies the Purus
River’s flood pulse (IPI,  2010).

The study region comprises two aquatic landscapes with
marked differences. At the edge of the floodplain, ria lakes (long,
narrow lakes formed by the partial submergence of a  river val-
ley) (Arraut et al., 2010), are embedded in upland environments
with well-developed riparian vegetation (Antunes et al., 2011). Its
hydrological dynamics is strongly conditioned by the Purus river
(Irion et al., 1997). The floodplain environments (locally known
as várzea) in  PP-SDR include the main river channel, connecting
channels, floodplain lakes and the flooded forest, with a hydrologi-
cal dynamic conditioned by Solimões and Purus rivers (Haugaasen
and Peres, 2006).

The PP-SDR’s provisory management plan includes different
human-use zones defined in the Reserve’s management plan,
established to  regulate the use of natural resources sustainably. The
Protection zone was  created to preserve natural resources and pro-
hibits any human activity beyond surveillance and research, while
the Use zone allows commercial fishing and subsistence activi-
ties for the resident’s livelihood (IPI,  2010). The region has intense
fishery activities that  supply the city of Manaus, the largest fish
consumer market in the Amazon (Batista and Petrere, 2003).

Surveys

Amazonian manatee presence was  recorded over repeated visits
to  33 sampling sites (Fig. 1) between August and November 2014
(low-water season). The study was  carried out during the dry sea-
son because we expected the manatees not  to  be  dispersed in  the
flooded forest, and we  could obtain a  more accurate estimation
about the importance of each one of the monitored sites for man-
atee survival. Adittionally, in the dry season, the boundaries of the
lakes are well-defined, facilitating the selection of sampling points.
Sixteen sites were located in várzea habitat, 6 lakes of which were
in Protection zone and 10 lakes in Use zone. The remaining 17  sites
were ponds in the ria lake’s Use zone. Sampling sites were ran-
domly distributed in the study area to account for heterogeneity in
the natural environment and the Reserve’s categories. Sites were at
least 3 km apart to avoid spatial autocorrelation. Each site was vis-
ited once every three weeks over the data collection period, totaling
44 days of manatee presence.
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Manatee surveys were conducted during daytime by two  expe-
rienced observers (the first author and a  former manatee hunter)
from a wooden canoe with paddles. Two sampling methods were
used (Aragones et al., 2012)  according to  the local ecological knowl-
edge about manatees. The direct evidence method consisted of
active visual search for individuals while following random nav-
igation routes. Each observer looked at the water naked eyed in
opposite directions. Sightings were registered when the mana-
tee surfaced. The indirect method consisted of following parallel
transects from the margin to  find indirect evidences of manatee
presence according the skills and high identification experience of
the local assistants (fresh scars on aquatic vegetation and floating
feces at the water surface), and acoustic cues such as vocalizations
(Sousa-Lima et al., 2002)  and/or chewing sounds) (Kikuchi et al.,
2014). Simultaneously, an omnidirectional hydrophone (Ocean ear
mini, High Tech, Inc., EUA) with frequency responses between
20 Hz–20 kHz was used during the parallel transects to detect man-
atee sounds in loco based on the first author’s previous experience
with studies of the species in captivity (Kikuchi et al., 2014). Man-
atee sound is particular and easily distinguished from that of other
aquatic organisms.

During the visits, both methods (active visual search and paral-
lel transects) were used for one hour at each sampling site, without
control of the travelled distance, executed in absolute silence to
avoid animal dispersion. For every manatee detected, sampling
method was recorded along with date, time and geographical posi-
tion.

Statistical analysis

Manatee occupancy was investigated using a  maximum like-
lihood approach. To test the effect of environmental variables
on manatee detection (�,  species’ probability of detection in a
given location, conditioned by its occupancy), the following vari-
ables were used: mean depth (Depth); mean water transparency
(Transp); perimeter of sample site  (Peri); cover (Cover) and com-
position (Comp) of aquatic macrophytes at the margin; weather
condition (Clim) and river state (River)  for each visit in the study
site.

Predictive variables used to explain manatee occupancy ( ,
species’ probability of occupying a given location) included non-
linear distance to  the nearest community (DistCom) and non-linear
distance to the nearest protection zone (DistProt), both  calculated
as shortest distance between points. These metrics were calcu-
lated in Quantum GIS software. The categorical variable Habitat,
defined as várzea or ria lake, was  used to model occupancy and
detection probabilities. All  variables were selected from literature
(Marmontel et al., 2012).

To estimate manatee occupancy and detection probability, a
single-season occupancy model was used, assuming a constant  

among sampling within sites. Manatee records were converted into
a binary matrix of detection (1) and no detection (0) for each visit.
Analysis was conducted in the PRESENCE 12.1 software (MacKenzie
et al., 2002; Hines, 2006).

Fig. 1. Map  of the study area at the Piagaç u-Purus Sustainable Development Reserve. Circles indicate sampling sites (n =  33) at várzeas (upper right corner) and at ria lake
habitats (lower left corner). Triangles indicate the nearest communities in the sampling area.
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Table  1-

Effort and number of manatee evidences by method and habitat in the study site.

Sampling method (Evidence)

Habitat Active search (Direct evidence) Parallel transect (Indirect evidence)

n  =  34  n  = 57

Number of sightings Effort (hours) Fresh scar Feces Acoustic Effort (hours) Total evidences per habitat

Floodplain lake 12 64 42 6 3 65  63
Ria  lake 22 68 0 3 3 68  28
Total 34 132 42 9 6 133 91

Method comparison

To compare detection probability for direct and indirect meth-
ods, datasets were analyzed using an independent and combined
approach (Bailey et al., 2007; Mattfeldt and Grant, 2007). In  the
independent approach, detection probability was  modelled as a
function of habitat (várzea or ria lakes) and method (direct or
indirect), while occupancy was kept constant (model   [.], p

[Habitat + Method]). This approach was used to identify poten-
tial detectability biases associated with habitat and the sampling
method (Mattfeldt and Grant, 2007). In the combined approach,
detection probability was  modelled combining datasets, in  which
two or more recordings of the species, in the same sampling area
during a visit, were considered a single detection in the pres-
ence/absence matrix.

Amazonian manatee occupancy estimate and detection

probability

Previously, spearman correlation was used to  test for signifi-
cant correlation between variables. Statistical analysis was done
using vegan package in R  software. Continuous variables were
z-normalized to  standardize different metrics before modeling
occupancy (Mackenzie et al., 2006).  A  2-step approach was  used
to model manatee occupancy (Negrões et al., 2010; Sarmento et al.,
2011). In the first step, occupancy was kept constant to test the
effect of sampling variables on  manatee detection probabilities
( [.], p[variable]). In the second step, the best-fit model in  step
one’s was combined to  the predictive variables of species occu-
pancy (Habitat, DistCom and DistProt)  (Table 2). A null model ( 
and � kept constant), and a  global model (occupancy variables)
were also included in model comparison (Burnham and Anderson,
2002). Additionally, the best variable of detection in  the first step
was also considered affecting the occupancy.

The Akaike’s Information Criteria (AIC) was used to  select the
best models. Values �AIC ≤2 were used to select the model that
better fit the data and their variables were considered the most
important to estimate the species’   and �.  The AIC weight (ω) was
used to determine the relative importance of each variable in the
model. As no models obtained ωi ≥ 0.9, final species occupancy was
estimated by model averaging values of  ̌ coefficients of the pre-
dictive variables from selected models. The 95% confident intervals
were analyzed to determine if those crossed zero (Burnham and
Anderson, 2002).

Results

Efficiency of sampling methods in the manatee detection

estimative

Overall, in 265 h of observations, 91 manatee detections
(Table 1)  were noted around the 33 sites. Detection probabili-
ties were estimated at 0.33 (SD = 0.05) and 0.25 (SD =  0.04) for the
indirect and direct methods respectively, using the independent

approach. Detection probability estimates obtained using the indi-
rect sampling method were significantly higher in  várzea (p =  0.47,
SD =  0.06) than in ria lake habitat (p = 0.21, SD = 0.05). Following the
same trend, the detection probability estimate modelled using the
direct sampling method was  higher in  várzea than in  ria lake. There-
fore, the   and p of T.  inunguis in  both habitats would be better
modelled by combining the presence datasets from both sampling
methods (combined approach). This produced more substantial
estimates of detection probability and improved model conver-
gence. As such, the combined dataset was used from this point
forward.

Amazonian manatee occupancy estimate and detection

probability

T. inunguis was  detected in 24 of the 33 sample sites, totalizing an
occupancy value (naïve) of 0.72. In the analysis’ first step, the best
model included the variable macrophyte cover (Cover) (ωAIC = 0.87)
witch positively influenced manatee detection. The second step’s
most parsimonious model was ( [DistCom], p[Cover]) (Table 2).

DistCom coefficient indicates a  negative relationship between
non-linear distance to  the nearest community and manatee occu-
pancy. Also, Cover and DistProt are negative correlated, but no Cover

and DistCom. Nonetheless, six models with �AIC ≤ 2 showed a total
AIC weight within 90%. As such, manatee   was  dependent on all
variables contained in these models (Cover in �  and DistCom, Dist-

Prot, Habitat and Cover in  ).  The second-best model ( [DistProt],
p[Cover]) suggests a negative effect of distance to  protection zones
and manatee occupancy. This is  likely due to  the negative corre-
lation between DistProt and DistCom (rho =  0.47, p <  0.001), mainly
influenced by the ria lakes sampling points (rho =  -0.92, p  < 0.001),
where farther areas from communities showing the lesser protec-
tion zones. In the second step, although Habitat was present in  three
of the six top models, showing a  AIC weight of 0.34, its importance
to manatee occupancy remains unclear due to uncertainty around
occupancy estimation.

No model alone had ωAIC ≥ 0.9. Therefore, manatee occupancy’s
total value was calculated through model averaging. Final occu-
pancy estimates (  =  0.84, SD = 0.12) represent an 17% increase
in the species’ naïve occupancy (Table 2). The sum of  weights
(ωAIC) from most parsimonious models was used to  make infer-
ences about the species’ occupancy. The sum of ωAIC among models
with the variable macrophyte cover was 0.84, indicating a 84%
probability of it being the most important variable in  predicting
� for T. inunguis. Accordingly, the ˛  coefficient estimate for macro-
phyte cover did not overlap zero (Table 3).  The variable DistCom

presented the higher importance to manatee occupancy, weighing
45%. Although the  ̌ estimated by model averaging superimposed
zero, DistCom influence  . Habitat and DistProt showed a relative
importance to  influence the manatee occupancy. However, the ˇ

coefficients overlapped zero, indicating that these variables are
not good predictors of  . Also, Cover variable affecting the species’
occupancy corresponded only to  the sixth best-model (Table 3).
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D.A. de Souza, A.L. Gonç alves, E.M. von Muhlen et al. Perspectives in Ecology and Conservation 19 (2021) 354–361

Table  2

Model selection results. Amazonian manatee occupancy was modelled as a  function of occupancy variables ( ) and the variable that better predicted detection probability
(Cover -  Macrophyte cover). Only the best fit models (�AIC  ≤  2)  were used to  make inferences over biological significance of results.

Models K AIC �AIC ωAIC  Naive � (SD) p  (SD)

1. � (DistCom) p(Cover) 4 156.97 0.00 0.25 0.80 (0.08) 0.50 (0.05)
2.  � (DistProt) p(Cover) 4 157.83 0.87 0.16 0.86 (0.10) 0.48 (0.05)
3.  � (Habitat) p(Cover) 4 158.32 1.36 0.12 0.99 (0.26) 0.47 (0.05)
4.  � (Habitat + DistProt) p(Cover) 5 158.53 1.57 0.11 0.84 (0.09) 0.49 (0.05)
5.  � (Habitat + DistCom) p(Cover) 5 158.59 1.63 0.11 0.81 (0.08) 0.50 (0.05)
6.  � (DistCom + Cover) p(Cover) 4 158.93 1.96 0.09 0.82 (0.08) 0.50 (0.05)
7.  � (Cover) p(Cover) 4 159.87 2.90 0.05 0.82 (0.08) 0.46 (0.05)
8.  � (Habitat + Cover) p(Cover) 5 160.29 3.32 0.04 0.81 (0.09) 0.49 (0.05)
9.  � (Habitat + DistCom +  DistProt + Cover) p(Cover) 7 162.56 5.60 0.01 0.93 (0.12) 0.50 (0.05)
10. � (.) p(.) 2 172.40 15.43 0.00 0.79 (0.08) 0.47 (0.05)
Model-averaging 0.72 0.84 (0.12) 0.48 (0.05)

Note: Analysis considering the combination of direct and indirect methods. K: number of parameters; �AIC:  difference between AIC values of each model in relation to
the  model with lower AIC value; ωAIC: model weight; Naïve: gross occupancy;  :  occupancy estimate; p:detection probability; SD: standard deviation. DistCom = Nearest
distance to the community; DistProt =  Nearest distance to the protection zone; Habitat =  Type of habitats (flooded forest “várzea” and ria lake); Cover =  Macrophyte cover;
Bold  values = Final species occupancy.

Table 3

Estimate of beta coefficients (ˇ) are presented in logarithmic scale as result of the Model averaging. Confidence interval of the variables, considering the sum of models. Sum
of  weights (ω) = Sum of weight (ωAIC) of the variable between the best fit models (�AIC ≤ 2) for the manatee occupancy ( )**.

Variables Intercept B  DistCom B1 DistProt B2 Habitat B3 Cover  ̨ Cover

Model 1 1.40 [0.47; 2.70] −0.99 [−2.21; 0.003] l̄ 0.87 [0.41; 1.40]*
Model  2 1.84 [0.61; 5.83] 1.10 [−0.11; 4.77] 0.95 [0.49; 1.48]*
Model  3 2.31 [1.72; 6.86] −6.37 [−3.13; 0.65] 1.00 [0.54; 1.52]*
Model  4 1.73 [0.86; 8.80] 3.30 [−1.02; 6.90] 2.36 [−0.71; 5.05] 0.89 [0.42; 1.42]*
Model  5 1.50 [0.51; 5.84] −0.94 [−2.18; 0.002] l̄

−0.33 [−4.36; 0.72] 0.89 [0.42; 1.42]*
Model  6 1.48 [0.50; 2.95] −0.99 [−2.25; 0.12] −0.28 [−1.42; 0.72] 0.89 [0.42; 1.41]*
Model  7 1.51 [0.51; 3.40] −0.50 [−1.88; 0.47] 0.93 [0.46; 1.46]*
Model  8 6.76 [0.66; 18.25] −5.96 [−25.26; 0.79] 0.14 [−1.50; 1.68] 1.00 [0.54; 1.52]*
Model  9 1.47 [0.47; 6.78] −0.49 [−2.26; 1.14] 0.79 [−3.22; 15.30] −0.23 [−9.67; 7.19] 0.46 [−2.08; 2.94] 0.85 [0.17; 1.51]*
Model  averaging 1.70 [0.13; 3.27] −0.98 [−2.03; 0.006] l̄ 2.00 [−1.59; 5.61] −1.63 [−9.57; 6.31] 0.34 [−1.72; 1.45] 0.92 [0.42; 1.41]*
Sum  weights (ω) 0.45 0.27 0.34 0.19 0.84

*Indicates the coefficients of the confidence intervals of  ̌ that do not overlap with zero. [l̄] Indicates the coefficients of confidence intervals of  ̌ that suggest a  trend. **Analysis
considering the combination of direct and indirect methods.  ̌ = value of beta coefficient for distance of community; ˇ1 = value of beta coefficient for distance of the protection
zone;  ˇ2 = value of beta coefficient for habitat type; ˇ3 =  value of beta  coefficient for macrophyte coverage.  ̨ = beta coefficient value for macrophyte coverage in detection.
Values in square brackets are the 95% confidence intervals.

Discussion

Manatee’s occupancy estimation and detection probability

Amazonian manatee detection probability in the wild had never
been previously estimated. This study shows that the species was
not always detected even though it could have been present in
the sampling area. Surprisingly, T.  inunguis probability detection
was high (p = 0.50, SD =  0.05), despite cryptic species or  with low
population density usually being less likely detected (Mackenzie
et al., 2002;  Mackenzie and Royle, 2005). Macrophyte coverage
was highly relevant in  manatee detection probability. This variable
reduced error associated with estimates and increased � in sam-
pling areas where Cover was more abundant. It is beyond results
here presented to directly explore the relationship between detec-
tion probability and population size.

Depth was not relevant to detect manatee presence. Deeper
sites are related to be the main factor affecting sightings and
habitat use of Amazonian manatees in  low-water season (Rosas,
1994; Arraut et al., 2010; Marmontel et al., 2012). During this
study, the water level was significantly different between months
(Kruskall–Wallis H(3,N = 132) = 72.337, p < 0.001), and above the
expected level, with the highest average recorded in August
(9.8 ± 1.6 m) and the lowest in October (5 ± 1.6 m). This phe-
nomenon may  have favored individuals’ movement along all the
region’s available habitats independently of depth. Therefore, a lack
of relevance of  depth to predict manatee detection observed here
may  be related to  the study’s temporal extension. It is  possible
that depth will have greater effect to predict manatee detec-

tion in  years with more severe droughts, or in larger temporal
scales.

Arraut et al. (2010) using 10 radio-tagged male manatees,
showed a migratory route between a  floodplain lake  (Mamirauá
Reserve) and a  ria Lake (Amanã Reserve), in which the tracked ani-
mals did not remain in the várzea habitat during the dry season.
The authors suggests ria lakes as the main refuge for T. inunguis in
the dry season. However, our results show that  manatees are also
occupying floodplain lakes during low water season in  Piagaç u-
Purus Reserve. Even with similar landscapes between the studies,
other effects such as the largest distance for the ria lake and appro-
priate conditions (for example, largest lakes and reduced risk posed
by humans) can maintain the animals in  the várzea during dry
season. According the perception of former manatee hunters liv-
ing in  the Piagaç u-Purus Reserve, the species remains during all
phases of the flood pulse in the floodplain lakes, with individuals
making short daily displacements between the main river channel
and floodplain lakes (Souza, 2015). Out of 16 released and moni-
tored manatees, only 18% (n = 3)  moved to  the ria lake during the
dry season (Diogo Souza, com. pess., 2020), corroborating the local
ecological knowledge of former manatee hunters (Souza, 2015).

The final manatee occupancy value increased the estimated
occupancy by 17% (  =  0.84), suggesting an appropriate selection
of the ecological variables and samples sites. In this study, Dist-

Com was used as indicator for anthropogenic disturbance caused
by manatee hunting historical locations, traffic of motorized ves-
sels, and commercial fishing. Also, game species occurrence and
abundance tend to  decrease with proximity to human settlements,
where hunting activities are generally concentrated (Robinson and
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Bennett, 2000; Peres and Nascimento, 2006). However, in  contrast
with previous sirenians studies (Lefebvre et al., 2001; Miksis-Olds
et al., 2007; D’Souza et al., 2013) our  results suggest that residents’
activities did not affect manatee occupancy. According to residents
of PP-SDR, rates of T. inunguis hunting dropped in  the last decades
(Souza, 2015),  which could partially explain these scenarios.

From a broader perspective, our results indicate that the best
habitat for the Amazonian manatee includes important character-
istics for the establishment of human communities. For instance,
evidence strongly suggests that the acquisition of protein (Gross,
1975) and the availability of high-fertility land (e.g. várzea),  along
with strategic occupation in  areas with rich springs (e.g. lakes and
deep ponds) are extremely important factors for the settlements
of the Amazon’s inhabitants (Meggers, 1992; Pantoja, 2005; Cruz,
2007). In addition, high manatee occupancy closer to  communi-
ties may  be associated with these areas’ greater connectivity to
other water bodies, as well as proximity to the Purus River’s main
channel. Occupying these areas benefits individuals by  reducing
geographic isolation and increasing potential mobility during the
dry season, therefore increasing manatee survival in severe drought
events in the Amazon such as with El  niño (Malhi et al., 2008;
Marengo et al., 2008; Marmontel et al., 2016).

The lower probability of manatee occupancy within and around
protection zones of PP-SDR corroborates the former local mana-
tee hunters, who reported absence or very low historical hunting
events before the PP-SDR’s creation. They also reported that man-
atee occupancy is less frequent in  protection zones (Souza, 2015).
The model of aquatic zoning (Protection and Use zones) followed
by Sustainable Development Reserves (SDR) is mainly based on the
economic importance of fishing resource preservation. Neverthe-
less, it is still unclear if aquatic zoning of SDRs in the Amazonas
state are effectively protecting the Amazonian manatee and other
aquatic mammals. Therefore, studies addressing this issue must
be conducted considering habitat characteristics, species occu-
pancy patterns, local economic interest and ecological importance
of species. In the PP-SDR’s case, more relevant areas should be
considered in the Reserve’s management plan for the effective con-
servation of T. inunguis.

Efficiency of sampling methods to estimate Amazonian manatee’s

  and p

Sampling methods differ in their species detection effectiveness
(Bailey et al., 2004). The highest manatee detection probability by
indirect method for both habitats may  be related to the detection
of accumulated feeding traces of the species in the wild. Timm
et al. (1986) cited that feeding signals are easier to detect than
direct T. inunguis sightings. Using the direct and indirect meth-
ods independently resulted in different detection and occupancy
estimates for similar habitats. This evidence reinforces the impor-
tance of including different sampling methods to avoid bias when
estimating detection probability of elusive species (Mattfeldt and
Grant, 2007).

The present study demonstrated the efficacy of combining
methods to investigate Amazonian manatee occupancy. To detect
the Amazonian manatee’s presence, it is advisable to  combine
direct and indirect methods to minimize sampling errors and pro-
vide more accuracy to estimate the species’ occupancy. Searching
for feeding traces in  aquatic plants (n  =  42; 73.7%) is  an effective
indirect method to detect the Amazonian manatee’s presence. In
this study, feces samples (n = 9; 15.8%) and acoustic signals (n =  6;
10.5%) were considerably inefficient.

This study used simple and cost-effective methods to  detect
manatees, based mainly on the skills of experienced former
manatee hunters in identifying the presence of the animals
using direct and indirect evidences. Although new methodologi-

cal  approaches such as side-scan sonars (Gonzalez-Socoloske et al.,
2009; Castelblanco-Martínez et al., 2017), drones (Landeo-Yauri
et al., 2020), and e-DNA (Hunter et al., 2018) have emerged in  the
last decade with capability to study sirenians, their efficiency and
accuracy to detect Amazonian manatee is unknown. These methods
would be unsuitable and expensive as they require a longer term
approach to train the team to use the equipment and analyze the
field data. The traditional methods used in this study are effective to
detect Amazonian manatee, having been successful to answer our
research questions and enable the use of this low-cost methodology
in Protected Areas in  the Amazon under different financial support
scenarios for manatee monitoring.

In contrast to studies reporting index of effort and abundance,
spatial and temporal sampling provide systematic data of T. inun-

guis presence/absence which can be effectively analysed with
occupancy models. By including environmental variables that may
influence manatee occupancy patterns and by sampling throughout
the river’s flood pulse, substantial inferences can be made to con-
firm detection changes over longer temporal scales. In the future,
this kind of study may  enable estimates of population recoloniza-
tion rates and prediction of the species’ local extinction events in
PP-DSR.

Amazonian manatee conservation and management implications

This is  the first study applying occupancy models for T.  inun-

guis showing that aquatic macrophyte cover influences the species’
detection. This approach has promising applications to long-term
population monitoring not only for T. inunguis, but for other Ama-
zonian aquatic mammals as well. It also contributes towards the
ecological understanding of species by examining the relationships
between distribution patterns and habitat characteristics.

Despite historical commercial exploitation that led  to dras-
tic reduction of the Amazonian manatee population in the Purus
River (Pereira, 1944; Domning, 1982), the high detection and
occupancy rates obtained in  this study may  suggest the species’
recovery within the study area. T. inunguis population recovery
after the PP-SDR’s creation was suggested by former manatee
hunters interviewed in the area (Souza, 2015). Moreover, genetic
studies throughout the Brazilian Amazon found evidence of the
species’ demographic expansion (Cantanhede et al., 2005). Results
that we found may  not reflect the reality of other Protected Areas
in the Amazon where zoning rules are not effectively respected.

In the Amazon, SDR zoning plans have been important tools for
biodiversity conservation (Arantes and Freitas, 2016; Campos-Silva
and Peres, 2016; Campos-Silva et al., 2018). The creation of SDRs
represents a  governmental attempt to  reconcile the resident human
populations’ living conditions with the use of resources and bio-
logical diversity maintenance (MMA,  2011; Peres, 2011). However,
to reach this goal, it is  important to understand species’ habitat
use so that appropriate conservation strategies can be proposed.
Currently, Amazonian manatee conservation is poorly included in
management plans and aquatic zoning of reserves in the Ama-
zon. Knowledge about T. inunguis occupancy in PP-SDR can support
future management strategies, such as the selection and delimita-
tion of priority areas for the species’ conservation.

Our experience reinforced the importance of local participa-
tion during manatee monitoring, particularly former hunters, to
ensure the high data quality to detect the species and also engaged
local people for conservation studies. Locals residents can provide
valuable skills and knowledge in  terms of the species’ ecology,
and a vested interest in monitoring the species for future manag-
ing. Several studies have shown that local people’s participation in
monitoring projects can contribute in data collection and research
design, as well as to  conservation actions (Castello, 2004; Vieira
et al., 2015; Campos-Silva et al., 2018).
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Finally, our results contribute to meso-scale monitoring projects
in the Amazon and highlight the applicability of occupancy mod-
elling for T. inunguis. Occupancy estimates here presented can be
used as baselines to  future monitoring studies in  the region to
assess the species’ demographic trends. Our data will also provide
support for managers and local communities to establish protection
and water-use regulations in  areas occupied by  manatees, ensuring
in the Reserve the effective conservation of this endangered species
over time.
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Álbum Purus. Universidade Federal do Amazonas, Manaus, Brazil, pp.  165–193.

Antunes, A.P., Fewster, R.M., Venticinque, E.M., Peres, C.A., Levi, T., Rohe, F.,
Shepard, G.H., 2016. Empty forest or empty rivers? A century of commercial
hunting in Amazonia. Sci. Adv. 2 (10), e1600936,
http://dx.doi.org/10.1126/sciadv.1600936.

Aragones, L.V., LaCommare, K.S., Kendall, S.,  Castelblanco-Martinez, N.,
Gonzalez-Socoloske, D., 2012. Boat- and land-based surveys for Sirenians. In:
Hines, E.M., Reynolds III,  J.E., Aragones, L.V., Mignucci-Giannoni, A.A.,
Marmontel, M. (Eds.), Sirenian Conservation: Issues and Strategies in
Developing Countries. University Press of Florida, pp. 179–185.

Arantes, M.L., Freitas, C.E.C., 2016. Effects of fisheries zoning and environmental
characteristics on population parameters of the tambaqui (Colossoma
macropomum)  in managed floodplain lakes in the  Central Amazon. Fish.
Manag. Ecol. 2,  133–143, http://dx.doi.org/10.1111/fme.12164.

Arraut, E.M., Marmontel, M., Mantovani, J.E., Novo, E.M.L.M., Macdonald, D.W.,
Kenward, R.E., 2010. The lesser of two  evils: seasonal migrations of Amazonian
manatees in the Western Amazon. J.  Zool. 280, 247–256,
http://dx.doi.org/10.1111/j.1469-7998.2009.00655.x.

Bailey, L.L., Simons, T.R., Pollock, K.H., 2004. Estimating site occupancy and species
detection probability parameters for terrestrial salamanders. Ecol. Appl. 14 (3),
692–702 https://www.researchgate.net/deref/
http%3A%2F%2Fdx.doi.org%2F10.1890%2F03-5012.

Bailey, L.L., Hines, J.E., Nichols, J.D., Mackenzie, D.I., 2007. Sampling design
trade-offs in occupancy studies with imperfect detection: examples and
software. Ecol. Appl. 17 (1), 281–290,
http://dx.doi.org/10.1890/1051-0761(2007)017[0281:sdtios]2.0.co;2.

Bashir, T., Khan, A., Behera, S.K., Gautam, P.,  2012. Factors determining occupancy
of Ganges River dolphin (Platanista gangetica gangetica) during differing river
discharges in the upper Ganges, India. Mammalia 76 (4), 417–426,
http://dx.doi.org/10.1515/mammalia-2011-0129.

Batista, V.S., Petrere Jr., M., 2003. Characterization of the commercial fish
production landed at Manaus, Amazonas state, Brazil. Acta Amazon. 33, 53–66,
http://dx.doi.org/10.1590/1809-4392200331066.

Best, R.C., 1984. The aquatic mammals and reptiles of the Amazon. In: Sioli, H.
(Ed.),  The Amazon, Limnology and Landscape. Dr. W.  Junk Publishers,
Dordhecht, The Hague, The  Netherlands, pp. 371–412.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference,
second ed. Springer, New York.

Campos-Silva, J.V., Peres, C.A., 2016. Community-based management induces rapid
recovery of a  high-value tropical freshwater fishery. Sci. Rep. 6, 34745,
http://dx.doi.org/10.1038/srep34745.

Campos-Silva, J.V., Hawes, J.E., Andrade, P.C.M., Peres, C.A., 2018. Unintended
multispecies co-benefits of an Amazonian community-based conservation
programme. Nat. Sustain. 1, 650–656,
http://dx.doi.org/10.1038/s41893-018-0170-5.

Cantanhede, A.M., da  Silva, V.M.F., Farias, I.P., Hrbek, T., Lazzarini, S.M.,
Alves-Gomes, J.A.,  2005. Phylogeography and population genetics of the
endangered Amazonian manatee, Trichechus inunguis Natterer, 1883
(Mammalia, Sirenia). Mol. Ecol. 14, 401–413,
http://dx.doi.org/10.1111/j.1365-294x.2004.02413.x.

Castelblanco-Martínez, D.N., Reis, V., de Thoisy, B., 2017. How to detect an elusive
aquatic mammal  in complex environments? A study of the endangered
Antillean manatee Trichechus manatus manatus in French Guiana. Oryx 52 (2),
1–11, http://dx.doi.org/10.1017/S0030605316000922.

Castello, L., 2004. A method to  count pirarucu Arapaima gigas: fishers, assessment,
and management. N.  Am. J. Fish. Manag. 24 (2), 379–389,
http://dx.doi.org/10.1577/M02-024.1.
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