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A B S T R A C T   

Because of their accessibility, freshwater ecosystems are particularly sensitive to deforestation and bank habitat 
fragmentation. Their responses to human activities in general, and specifically to small-scale extractive activities, 
are not well understood. Protected Areas (PAs) can be an effective tool to secure the conservation of freshwater 
animal assemblages. Given their ability to respond to changes in site quality and local resources, waterbirds 
could be suitable wetland ecosystem indicators. To examine the effectiveness of PAs in protecting neotropical 
biodiversity, we used repeated visual count surveys of freshwater and forest-associated birds, comparing species 
richness and abundance in protected oxbow lakes with lakes subject to gold mining and fishing activities. Bird 
community structure was predicted by the proportion of mined area in lake banks and water quality. Bird 
richness was reduced in unprotected oxbow lakes, and this pattern was stronger for aquatic species. Land pro
tection was the most important predictor of bird abundance. Over half the species (53%) showed markedly 
reduced abundance in the unprotected sites. Our results provide evidence for the effectiveness of PAs in main
taining freshwater biodiversity and for the impacts of human activities on neotropical wetland bird assemblages. 
Our findings also suggest that water-associated species may be sensitive to the deterioration in hydrological 
processes promoted by these activities. By documenting the maintenance of elevated freshwater bird biodiversity 
within two PAs, our results inform the debate on their effectiveness. We recommend the extension of legal 
protections for freshwater ecosystems and their banks to prevent further degradation of essential habitats and 
animal communities, driven by expanding informal and illegal mining activities.   

1. Introduction 

Freshwater environments in the neotropics are increasingly acces
sible through roads and waterways and thus face threats from anthro
pogenic extractive activities, which can promote land transformation 
and compromise hydrological connectivity (Antunes et al., 2016; Cas
tello and Macedo, 2016). These processes can have major impacts on the 
structure and function of animal freshwater communities. Several 
studies have found that species living in freshwater habitats are faring 
worse than terrestrial species and their extinction risks are generally 
higher than those of their terrestrial counterparts. Such evidence is 
mounting for mammals, reptiles, amphibians, fish and invertebrates 
(Collen et al., 2014; McRae et al., 2016; Tickner et al., 2020). Bird as
semblages associated with wetland areas can also respond to land 

transformation and subsequent changes in the terrestrial and aquatic 
medium (Jia et al., 2018; Kingsford et al., 2017). 

Whereas the designation and maintenance of protected areas (PAs) 
has long been considered one of the main strategies to protect biodi
versity levels in the face of global anthropogenic change and defauna
tion, their effectiveness in achieving this goal remains under debate 
(Gaston et al., 2008; Watson et al., 2014). A recent analysis, focused on 
freshwater birds, suggests that PAs have a mixed impact on these spe
cies, with a strong indication that areas managed for waterbirds or their 
habitat are more likely to benefit populations, and a weak signal that 
larger PAs are more beneficial than smaller ones (Wauchope et al., 
2022). 

Given their broad distribution and ability to respond rapidly to 
changes in site quality and local resources, waterbirds could be suitable 
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indicators of the state of wetland ecosystems. In the tropics, there is 
evidence suggesting that bird assemblages respond to forest loss, habitat 
fragmentation (Moura et al., 2016; Saldanha Bueno et al., 2018), and 
road construction (Ahmed et al., 2014). Bird biodiversity, especially in 
the tropics, typically decreases in heavily disturbed areas, responses 
which can be influenced by species-specific ecological traits (Newbold 
et al., 2014; Saldanha Bueno et al., 2018). 

Extractive activities in general, and mining in particular, can have 
significant impacts on biodiversity (Sonter et al., 2018). Increasingly 
common in both accessible PAs and unprotected watersheds in the 
Amazon (Asner et al., 2013), Artisanal Small-scale Gold Mining (ASGM) 
can drive freshwater ecosystem degradation through three main pro
cesses: bank and freshwater habitat loss, habitat fragmentation through 
deforestation (Sonter et al., 2017), and the modification of hydro
geological processes in the aquatic medium (Sonter et al., 2018). In 
addition, the informal practice of ASGM can entail major ecological 
consequences through the release of mercury to air and water and its 
subsequent accumulation in species of diverse trophic levels (Malm, 
1998). 

In this study, we evaluated the effectiveness of PAs in maintaining 
the richness and abundance of bird assemblages by combining an 
assessment of habitat modification driven by extractive activities with 
extensive surveys of bird assemblages and water quality in neotropical 

freshwater ecosystems in the Peruvian Amazon. We focused our surveys 
on oxbow lakes, highly productive bodies of water in proximity of river 
floodplains, commonly impacted by ASGM. Oxbow lakes were surveyed 
both in protected and disturbed areas in Peru’s Madre de Dios region, 
where gold mining has increasingly taken place in the last three decades 
(Caballero-Espejo et al., 2018; Swenson et al., 2011). Based on evidence 
demonstrating the effects of habitat destruction on freshwater ecosys
tems (Castello and Macedo, 2016), we hypothesized that unprotected 
lakes subject to human activities would show reduced bird biodiversity 
as reflected by species richness and abundance. 

Accordingly, we predicted that there would be an identifiable dif
ference in the composition of species between protected and unpro
tected bodies of water, and that this dissimilarity among lakes would be 
proportional to the degradation of surrounding bank habitat and to 
differences in water quality associated with anthropogenic activities. We 
additionally evaluated the relative effects of lake conditions and factors 
reflecting human activity on bird populations at the species level. Using 
N-mixture models that estimate abundance based on spatially replicated 
counts (Royle, 2004), we compared the abundance of bird species that 
vary in their degree of association with freshwater environments. We 
predicted that, in the face of anthropogenic activities, PA effectiveness 
would be increased for freshwater specialists, which are more dependent 
on the aquatic portion of the oxbow lake habitat, compared to forest- 

Fig. 1. Map of research area in southeastern Peru (a) with locations of bird surveys, including oxbow lakes in the protected areas of Manu National Park and 
Amarakaeri Communal Reserve, and oxbow lakes in the gold mining zone, including spatial data of mining activity (Caballero-Espejo et al., 2018) and satellite 
images illustrating a protected (b) and a mined oxbow lake (c). 
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associated species and habitat generalists. 

2. Materials and methods 

2.1. Study area 

We carried out field work in the department of Madre de Dios in 
south-eastern Peru, as part of a study examining the state of Amazon 
freshwater ecosystems (Barocas et al., 2022). We focused on oxbow 
lakes, a type of shallow, elongated body of water commonly found in 
proximity of Amazon floodplain rivers, created when a meander of a 
river becomes disconnected from the main channel due to erosion and 
deposition (Terborgh et al., 2018). Our study included eight oxbow lakes 
in Manu National Park (11◦41′ S, 71◦13′ W), four in the Amarakaeri 
Communal Reserve (12◦25′ S, 70◦42′ W), and nine unprotected oxbow 
lakes in the lower part of the Madre de Dios river (12◦40′ S, 69◦53′ W; 
Fig. 1, Table S1), subject to significant ASGM (Caballero-Espejo et al., 
2018; Scullion et al., 2014). The maximal aerial distance between the 
most upstream and downstream lakes was 220 km. On average, pro
tected oxbow lakes were found at higher elevations (mean ± SE 349.7 
± 20.1 m) compared to lakes in the gold mining area (mean ± SE 234.7 
± 4.2 m). However, they did not show significant differences in mean 
temperature (protected mean ± SE = 25.03 ± 0.01◦C; unprotected =
25.09 ± 0.03◦C) or annual precipitation (protected mean ± SE = 3075.6 
± 116.4 mm; unprotected = 3292.2 ± 96.3 mm). Manu oxbow lakes are 
part of the Madre de Dios river basin, same as Amarakaeri and lower 
Madre de Dios oxbow lakes, located downstream from them. The Manu 
river is a tributary of the Madre de Dios river, belonging to the same 
floodplain and characterized by similar vegetation types, landcover 
categories and hydrological conditions (Lehner and Grill, 2013; Thieme 
et al., 2007). During the sampling period, all lakes were separated from 
the main river by land, with distances between their centroid and the 
river varying between 0.68 and 1.52 km for protected lakes and 0.94 and 
2.76 km for unprotected lakes (Table S1). Thus, in both protected and 
unprotected areas there was considerable variation in lake–river dry 
season connectivity. 

The lower Madre de Dios mining area contains 11 small-sized com
munities with a formal population of 2500 and several more informal 
mining camps (Cuya et al., 2021). During the last three decades, ASGM 
has become the area’s main economic activity (Caballero-Espejo et al., 
2018; Swenson et al., 2011). Lake bank vegetation is characterized by 
strips of marsh, shrubs, isolated trees and vines. Oxbow lakes are highly 
productive and contain suitable bird nesting and foraging sites that are 
relatively protected from predators (Terborgh & Davenport, 2021). One 
detailed study of an oxbow lake suggested that bird communities are 
composed of forest species and aquatic species that may also inhabit 
other bodies of water such as wetland and riverine systems (Robinson, 
1997). 

2.2. Lake conditions 

We used satellite images and field data to quantify the ecological 
conditions and water quality of oxbow lakes. We determined the status 
of lakes based on visual surveys and data on ASGM, based on classifi
cation of satellite images of the research area between 1985 and 2017, 
resulting in a raster layer of mined areas with a 30 × 30 m pixel size 
(Caballero-Espejo et al., 2018). Because over this period deforestation 
was still visible in recent satellite images, we did not differentiate be
tween recent and older signs of mining. Lakes were classified as ‘pro
tected’ if they were located within a protected area and did not show 
deforestation signs after repeated drone flights including its banks and 
the body of water (Abanto Valladares et al., 2022), and ‘unprotected’ in 
case there was evidence of bank deforestation. For unprotected lakes, we 
quantified the local intensity of mining by creating a buffer of 300 m 
around each lake’s margins. We chose this value based on the width of 
lakes (mean maximum width = 248.1 m). For each lake, we calculated 

the proportion of area from the buffer showing signs of deforestation and 
recent mining. We developed an index of bank deforestation intensity by 
dividing the deforestation area in the bank by the total 300 m buffer 
area. For following analyses, the protection covariate was binary (i.e 
protected = 1; unprotected = 0, whereas the bank deforestation covar
iate was continuous (values between 0, meaning no deforestation, and 
50%; Table S1). 

Neotropical oxbow lakes typically alternate between phytoplankton 
and macrophyte-dominated regimes reflected in the water surface 
Normalized Differential Vegetation Index (NDVI; Terborgh et al., 2018). 
We used the relevant bands on Landsat 8 satellite images (pixel reso
lution = 30 × 30 m; Roy et al. 2014) taken in the same season of bird 
surveys to calculate NDVI of the water body. In each lake, we averaged 
all pixel values within the water body to obtain a mean NDVI value 
(Terborgh et al., 2018). Several aquatic organisms require minimal 
levels of dissolved oxygen to survive (Röpke et al., 2016) and therefore 
dissolved oxygen is considered an indicator for water quality. We 
measured oxygen levels with a LaMotte Dissolved Oxygen Test Kit 
(LaMotte ©, Chestertown, MD, USA). We also used a Secchi disk (Test 
Assured©, Jupiter, FL, USA) to measure water transparency, reflecting 
the concentration of suspended sediments (Dethier et al., 2019). To 
account for spatial variation, we performed these measurements four 
times within each lake during the dry season. We examined whether 
ecological variables reflecting lake conditions differed among protected 
and unprotected oxbow lakes using an unpaired t-test. 

Land protection can have positive impacts for biodiversity (Watson 
et al., 2014), whereas deforestation as a result of anthropogenic activity 
could drive declines in species richness and abundance (Castello and 
Macedo, 2016). Thus, we used lake protection status and mined area 
proportion as predictors in subsequent analyses. We also chose as 
covariates NDVI, which may reflect the ecological state of an oxbow lake 
(Terborgh et al., 2018), dissolved oxygen and transparency, which are 
indicators of water quality and nutrients availability. 

2.3. Avian surveys 

Between August 2017 and September 2019, we performed repeated 
censuses of oxbow lake bird assemblages. Each lake was surveyed at 
least three times in consecutive days, during the dry season (May- 
September). We chose the dry season to minimize variation as a result of 
seasonal flooding and migrations, and for logistic reasons. Each survey 
included two trained observers equipped with binoculars, notebooks 
and bird guides. Teams were led by the same two persons (AB and NAV). 
Surveys were conducted at peak bird activity times, during early 
morning (5:30 to 10:00) and late afternoon (15:00 to 18:00). Using a 
Grabner XR Trekking inflatable rubber boat (Grabner©, Vienna, 
Austria), surveyors moved along lake banks and registered bird species, 
the location, and the number of individuals. We restricted analyses to all 
individuals seen within an estimated 30-m radius from the observer 
position, avoided repeated counts and discarded all flyovers. All field 
activities were performed under Permits 07-2017-SERNANP-PNM-JEF 
and MINAGRI/SERFOR permit number 0084-2018. 

2.4. Bird assemblage analyses 

We assessed sampling completeness per oxbow lake by individual- 
based rarefaction curves produced with 1,000 bootstrap replications in 
the INEXT R package (Hsieh et al., 2016). Sampling completeness per 
lake was quantified as a percentage between the recorded and the esti
mated number of species based on the first-order Jackknife estimator 
(Gotelli and Colwell, 2011), calculated using the VEGAN package 
(Oksanen et al., 2016). 

We subsequently examined β-diversity for three different datasets: 1) 
all species observed; 2) species associated with aquatic ecosystems; 3) 
species that rely completely on aquatic ecosystems (specialists). We 
extracted these data from two main sources (Stotz et al., 1996; Wilman 
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et al., 2014). Water specialists were defined as either species that spend 
at least 80% of foraging time in water or in the vicinity of water bodies, 
or species whose diet is composed of at least 90% fish. Water-associated 
generalists were defined as either species that spend at least 10% of 
foraging time in the body of water, or species whose diet is composed by 
at least 10% fish. The remaining species were considered forest- 
associated generalists since, according to Stotz et al., (1996), their 
habitats included at least one forest type and they were detected on the 
forested banks of freshwater bodies. 

We examined whether proportion of bank mining and additional 
variables influenced community structure. First, to establish whether 
there is spatial structure in the data, we used distance-based Moran’s 
Eigenvector Maps (implemented with the quickMEM function, v1.0.0, 
provided in Borcard et al. (2011) and adjusted for distance-based RDA). 
The latitude and longitude of each lake’s centroid were used to represent 
its geographic location. Because the global spatial structure statistic was 
not significant (p = 0.48), we proceeded to test for the influence of 
covariates on the dissimilarity of bird assemblage among lakes, using the 
non-parametric Permanova test (Anderson, 2001) implemented in the 
adonis function of the VEGAN package (Oksanen et al., 2016). Bird as
semblages were represented by species-by-site matrices. The signifi
cance of the test was determined by F-tests based on sequential sums of 
squares from 10,000 permutations of the raw data. Correlation tests 
among variables revealed that the protection covariate, the proportion 
of bank deforestation and elevation were correlated (correlation coef
ficient > 0.7; Table S2). Thus, we did not include them in the same 
model. We considered the proportion of mined area around lakes, dis
solved oxygen level, transparency and NDVI as predictors of the vari
ance shown in non-metric multidimensional scaling analyses (Anderson, 
2001). We also built competing models including the protection and 
elevation covariates. We used an additive model including all four lake- 
specific covariates and examined the proportion of variation explained 
with the Bray-Curtis and Chao distance metrics. The Bray-Curtis dis
tance performs well with relative abundance data (Anderson et al., 
2006) and the Chao dissimilarity metric better accounts for rare and 
unseen species (Chao et al., 2005). To further test whether elevation was 
a significant driver of community structure, we also performed these 
analyses with datasets of only protected oxbow lakes and only unpro
tected oxbow lakes. The additive models tested with these datasets 
included elevation, dissolved oxygen, transparency and NDVI. 

2.5. Species abundance models 

We modeled species abundance in each oxbow lake using an N- 
mixture model (Royle, 2004). N-mixture models use count data with 
spatial and temporal replication (multiple sites with multiple surveys 
per site) to estimate abundance while accounting for imperfect detection 
(Royle, 2004). To meet model assumptions of constant abundance across 
surveys, we removed from the dataset species not associated with 
freshwater or distributed along oxbow lake banks and probable tran
sients, such as parrots (Psittaciformes), woodpeckers (Piciformes) and 
vultures (Cathartiformes). To avoid sampling bias and uncertainty 
related to species with low detection probability (Banks-Leite et al., 
2014), we also removed all species for which there were 10 detections or 
less. This left us with 55 species for the analysis. For the remaining 
dataset, we implemented a Bayesian multi-species (or community) 
version of the N-mixture model in which covariates are modeled hier
archically with community level hyper-parameters (Yamaura et al., 
2012). We included the following lake-specific covariates for abun
dance: protection (yes/no), mining intensity (the proportion of mined 
lake banks), transparency, mean dissolved oxygen level, and NDVI. 
Despite the correlation between the protection and mining intensity 
covariates, we felt that they reflect different metrics and thus chose to 
include them in the same models. We were specifically interested in 
their influence on bird abundance. To account for differences in the size 
of oxbow lakes, we modeled the abundance as the number of individuals 

per km of shoreline by including length of shoreline as an offset in the 
abundance model. No covariates were included for the detection prob
ability, but detection probability was species-specific and modeled hi
erarchically with a normal hyper-prior. 

To examine whether species ecological traits can predict their 
response to mining, we extracted the following traits for each species: 
body mass, trophic level, and geographic range size (Table S3). We 
modeled the regression coefficient for the land protection covariate (i.e. 
whether lakes were protected or not) for each species as a function of 
these traits and water specialization or water association, specified as a 
categorical variable with ‘forest associated generalists’ as the reference 
category. The model was implemented in JAGS 4.3 (Plummer, 2003) 
through R 3.6 (R Development Core Team, 2019). We ran three chains 
with a length of 500,000 and burn-in of 200,000. 

3. Results 

In 128 surveys of 21 oxbow lakes (Mean ± SD = 6.1 ± 1.6 surveys 
per lake), we recorded 9,687 detections of 179 species, representing 143 
genera and 48 families (Table S4). The number of detections per lake 
ranged from 182 to 894 (Mean ± SD = 461.3 ± 164.8) and the number 
of species observed per lake ranged from 40 to 86 (Mean ± SD = 61.6 ±
10.4). Despite our sampling effort, individual-based rarefaction curves 
indicated total species richness metrics would need additional sampling 
efforts to reach asymptotic values for all lakes (Fig. S1), as expected for 
communities where there is a large proportion of rare, difficult-to-detect 
species (Banks-Leite et al., 2014). Completeness of the species inventory 
per lake ranged from 67% to 84.4% (Table S1). These metrics indicate 
that the number of species found should be regarded as conservative. 
Observed species geographic ranges included both PAs and unprotected 
areas (Birdlife International, 2017). It is possible that differences in 
observations were a consequence of climatic or large-scale geographic 
factors that influence bird distributions. 

Lake conditions differed among oxbow lakes. The difference was 
most significant for dissolved oxygen (t18 = 2.80, P = 0.01), whereas 
means of transparency and NDVI were different but not significant 
(transparency t18 = 0.37, P = 0.71; NDVI t18 = 0.84, P = 0.41; Fig. 2). 
Unprotected lake sizes were on average larger than protected lakes 
(protected: Mean ± SE = 41.8 ± 8.5 ha; mined: Mean ± SE = 80.4 ±
17.8; Fig. 1). Permanova results suggested that the proportion of mined 
area explained the largest amount of variance in species composition 
(Adonis r2 statistic: 0.28; F20 = 9.43; P = 0.001), followed by water 
transparency (r2 = 0.12; F20 = 3.98; P = 0.003) and dissolved oxygen (r2 

= 0.1; F20 = 3.49; P = 0.03; Table 1). The full model using the Chao 
distance explained a larger proportion of the variance (r2 = 0.53) 
compared to the Bray-Curtis distance (r2 = 0.34; Table S5). This model 
also performed better compared to models including land protection 
(Chao r2 = 0.44; Bray-Curtis r2 = 0.28) and elevation (Chao r2 = 0.40; 
Bray-Curtis r2 = 0.27). These results indicate that the proportion of 
mined area in lake banks was better supported than elevation as a driver 
of variation in community structure. Using the reduced datasets, the 
elevation covariate did not significantly explain community structure 
within unprotected oxbow lakes (Chao partial r2 = 0.34; P = 0.1), or 
within protected oxbow lakes (Chao partial r2 = 0.04; P = 0.69). 

3.1. Abundance models 

We modeled the abundance of 55 bird species as a function of various 
covariates using an N-mixture model. Mean estimated species richness 
for the 55 species included in the analysis was higher in protected lakes 
compared to lakes outside PAs for all species observed, aquatic species, 
and species specialized in aquatic ecosystems, where this pattern was 
stronger (Fig. 3). Nonmetric multidimensional scaling based on esti
mated abundances for each species showed a clear separation in the 
community structure for mined and non-mined lakes (Fig. 3). 

Detection probabilities varied between 0.2 and 0.54 (Table S6). Of 
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the examined lake-specific covariates, lake protection had the strongest 
effect: in 31 of 55 species the credible intervals for the regression co
efficient did not overlap 0 (Table S6; Fig. 4). Of the remaining cova
riates, transparency (29 species), dissolved oxygen (23), NDVI (21) and 
mining intensity (14 species; Table S5) predicted abundance. 53% of all 
species showed higher abundance in protected areas, whereas 43% of 
species had similar abundance and for 6% abundance increased 
(Table 2; Fig. 4). Decline patterns were more evident in water specialists 
(58% of 15 species showing significant decline; Fig. 4). Forest-associated 
species also showed responses to land protection, with 35% with similar 
abundance and 55% declining (Fig. 4). The sensitivity of water- 
associated generalists to anthropogenic activities was confirmed by 
the linear model examining ecological traits. Water-associated species 
were more likely to be positively influenced by land protection (β ± SE 
= − 2.93 ± 1.04); 95% CI = (− 5.01, − 0.89)) when compared to forest 
species. Responses to land protection were also associated with 
geographic range (β ± SE = 1.18 ± 0.45); 95% CI = (0.3, 2.07)). 

4. Discussion 

Our results indicate reduced bird species richness and abundance in 
lakes outside PAs. This pattern was more accentuated for water- 
associated species and freshwater specialists. Outside PAs, oxbow lake 
water quality was reduced, with lower dissolved oxygen and trans
parency levels. Further, the degree of bank deforestation and covariates 
reflecting water quality predicted the composition of bird assemblages. 
The main human activities documented in unprotected oxbow lakes 
were fishing and ASGM (Barocas et al., 2021), suggesting that these may 
be driving bird numerical responses. Responses of tropical birds to forest 
habitat fragmentation are well documented (Newbold et al., 2014). Our 
findings are in line with these patterns, indicating that land protection, 
geographic isolation and limited access may mitigate bird species and 
community-level responses by avoiding human-driven degradation of 
neotropical freshwater ecosystems. 

The bird biodiversity patterns documented could also be a conse
quence of geographic and climatic processes. Variation in elevation and 

local temperature can have implications for bird species richness and 
abundance (Hawkins et al., 2007; McCain, 2009). Because of the spatial 
arrangement of lakes within the research area, we were unable to 
completely tease apart the influences of land protection and natural 
environmental and climatic factors. However, we feel that in this case 
climatic and biogeographic influences are less likely because of the 
relative spatial proximity among groups of lakes, the similar hydrologic 
conditions of the floodplain where lakes are found (Thieme et al., 2007), 
the modest differences in elevation (mean = 115 m) and because these 
areas have similar mean temperatures and annual precipitation. In 
addition, analyses with the reduced datasets indicate that elevation, the 
geo-climatic variable with the highest variation among study areas, is 
not a significant driver of community structure. Thus, we can identify no 
plausible ecological drivers of our findings, including factors associated 
with elevation. 

The majority of species demonstrating increased abundance inside 
PAs were water-associated, likely a result of their greater dependence on 
aquatic resources depleted by human activities (Barocas et al., 2021). 
However, we also observed declines in several forest-associated species 
(Fig. 4). Thus, if protection of lakes from human activity is indeed the 
driver of bird biodiversity patterns, the value of land protection is likely 
to extend beyond the immediate spatial proximity of lake banks into 
forest edges surrounding lakes. These results confirm concerns for 
water-associated species in the face of land transformation and habitat 
fragmentation (Saldanha Bueno et al., 2018; Zurita et al., 2017). Forest 
patches cleared by human activity outside PAs commonly create further 
fragmentation and reduce the availability of continuous habitat, pro
moting edge effects (Ahmed et al., 2014). While responses to fragmen
tation are not as strong and conclusive as the effects of habitat loss 
(Fahrig, 2003), both processes may act in synergy (Brook et al., 2008), 
especially at the water-forest interface, where forest edges already exist. 

For water specialists, land protection and limitation of human access 
to oxbow lakes can prevent the deterioration of foraging microhabitats, 
bank habitat homogenization and decline in water quality, as evidenced 
by lower levels of dissolved oxygen and reduced transparency found in 
oxbow lakes outside PAs. Land transformation by deforestation tends to 
promote local water runoff and stream discharge, whereas ASGM ac
tivities may increase water sediment load, resulting in a murkier, more 
polluted water body (Dethier et al., 2019). The pollution, water 
contamination and modification of hydrogeological processes avoided 
in oxbow lakes, possibly as a result of land protection, can percolate to 
higher trophic levels. Extractive activities may impact avifauna which 
depend on freshwater bodies through the reduction of prey available to 
species that forage on fish (Terborgh and Davenport, 2021). 

Besides reduced water quality and shoreline habitat degradation, in 
areas subject to extractive activities and especially ASGM, high levels of 
mercury pollution may be an additional driver of bird demographic 
responses (Whitney and Cristol, 2017). Artisanal miners extract gold by 

Fig. 2. Boxplots of ecological and water quality variables for oxbow lakes where avian surveys were conducted in Madre de Dios, Peru.  

Table 1 
Permutational MANOVA results of a modeal examining the effects of abiotic and 
biotic variables on bird assemblage dissimilarity, using the Chao distance metric, 
in oxbow lakes of the Madre de Dios province, Peru.  

Variable Df MS R2 F P 

Mining proportion 1  0.09  0.28  9.43  >0.001 
Dissolved oxygen 1  0.03  0.11  3.49  0.01 
Transparency 1  0.04  0.12  3.98  0.03 
NDVI 1  0.01  0.03  0.93  0.52 
Residual 16  0.15  0.47    
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dredging sediments from the bottom of lakes and rivers and using 
mercury (Hg), thereby polluting waters via its release (Malm, 1998). In 
neotropical areas subject to ASGM, high quantities of Hg were found 
across several taxa and trophic levels, including fish (Barocas et al., in 
revision; Martinez et al., 2018), birds (Gerson et al., 2022) and humans 
(Ashe, 2012). To understand the long-term effects of extractive activities 
on bird population, assessing mercury levels and their effects on bird 
genetics, behavior and demographics in mined areas can be a promising 
research direction. 

4.1. Conservation implications 

Our results add to findings on recent worldwide decreases in fresh
water animal populations (McRae et al., 2016) and to evidence that the 
disruption of multiple ecological processes promoted by habitat modi
fication have negative effects on freshwater ecosystems in the tropics 
(Castello and Macedo, 2016; Sonter et al., 2018). One of the main ob
stacles to securing the conservation of Amazon freshwater ecosystems is 
the inconsistency in protective legislation (Castello and Macedo, 2016). 
In Manu National Park, the protection of oxbow lakes is achieved by 
restriction of human access. It remains to be seen whether this strategy is 
practical in more accessible areas with significant human pressure for 
extractive activities. Our findings also indicate that, similar to fish as
semblages (Barocas et al., 2021), protective measures in place in Manu 
National Park have been effectively sustaining oxbow lake bird 

populations. Extending these protections outside PAs may also help 
provide ecosystem services to neighboring human communities (Aze
vedo-Santos et al., 2019). 

One of the big questions facing conservation science is whether PAs 
are effective in maintaining biodiversity levels. In fact, some PAs have 
been shown to be ineffective at conserving species inside their bound
aries (Pringle, 2017; Watson et al., 2014). Without documentation of 
effectiveness, PAs are vulnerable to criticism and eroding support 
(Geldmann et al., 2018; Parrish et al., 2003). Our findings inform the 
debate, underscoring how well Manu National Park and its buffer zones 
are protecting the oxbow lake-associated avifauna. To date, Manu has 
remained relatively immune to expanding human activities outside the 
Park, vulnerable only to a relatively small, but growing and changing 
indigenous population living within and around the Park (Altamirano, 
2021; Shepard et al., 2010). Maintaining these protections and extend
ing them outside PAs will help secure the maintenance of freshwater 
biodiversity. One additional outcome of our research is to underscore 
the need to formulate regional, watershed-wide conservation manage
ment plans in the western Peruvian Amazon, as previously suggested 
(Thieme et al., 2007). 
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