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ABSTRACT 14 

Background: Anthropogenic pressures and climate change are degrading the current state of wetland 15 

biodiversity. In this study, we assessed the drivers of beta diversity (β-diversity) and hypothesized that 16 

turnover rather than nestedness contributes to overall β-diversity in anthropogenic landscapes, while 17 

evaluating the ecological drivers of waterbird β-diversity.  18 

Method: We analyzed β-diversity for each anthropogenic activity, and explored the exclusive and 19 

shared contributions of anthropogenic, environmental, climate and spatial conditions in driving β-20 

diversity.  21 

Result: A total of 15750 individual waterbirds, representing 70 species, were recorded during the study.  22 

The study revealed high species richness of 63 species each in wetlands dominantly influenced by 23 

grazing and lumbering activities, followed by wetlands dominantly influenced by fishing activities and 24 

farming with 51 and 49 species respectively. We recorded low species richness in wetlands close to 25 

human settlement (35 species) and in sites impacted by organic waste (24 species). The significant 26 
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variation in community composition among different types of anthropogenic activities was related to 27 

turnover, as nestedness did not vary significantly across anthropogenic types. Variation partitioning 28 

output revealed that the proportion of unexplained variance by environmental predictors on total β-29 

diversity, turnover, and nestedness was 63%, 64% and 64% respectively. This study revealed climate 30 

and environmental conditions as vital environmental filters driving the composition of waterbirds in 31 

anthropogenic landscapes. 32 

Keywords: Environmental filtering; Climate, Waterbirds; Beta-diversity; Anthropogenic landscapes 33 

Introduction 34 

As global landscape changes continue to accelerate at an unprecedented rate, anthropogenic activities 35 

and prevailing environmental conditions have emerged as primary drivers of species extinctions, altered 36 

phenological patterns, and the restructuring of ecological communities—particularly at large spatial 37 

scales (1,2). In most wetland systems, anthropogenic activities contribute immensely to wetland 38 

modification and degradation by homogenizing physical environments over large distances, while 39 

disrupting natural environmental gradients (3,4). At multiple spatial scales, urbanization had been 40 

reported as a major driver of biodiversity decline, especially for woodland bird communities (5). 41 

Alterations of wetland systems are detrimental on both ecological composition and function (6). It 42 

disrupts flora-fauna assemblages and physicochemical cycles, ultimately leading to cascading impacts 43 

on species utilization (7). Despite the vital role played by wetland systems in facilitating life-history 44 

processes of waterbirds, there are speculations that continuous degradation of these unique systems by 45 

anthropogenic activities may impact their ability to perform their  natural roles (8,9). Furthermore, the 46 

frequent losses of wetland habitats to farming activities, construction, pollution and other land use has 47 

been attributed to rapid biodiversity decline (6), through landscape homogenization (3) and biotic 48 

homogenization of species assemblages (2). 49 

Biotic homogenization result from increased species coexistence, driven by range expansions, anthropic 50 

translocation of species and increased homogeneity in landscapes (11). Increased human settlements 51 

around wetland catchments substantially alter neighboring landscape and undermine ecosystem 52 



3 

 

integrity (12). The dominance of human settlements around tropical wetlands transforms their natural 53 

formations into forms of human-induced land uses which locally drives biotic homogenization (12). 54 

Ongoing biotic homogenization presents a significant conservation concern, as range-expanding, 55 

introduced, displaced, and threatened species often cluster within specific functional groups (4, 10). 56 

Thus, a long-term goal is to achieve strategies for reducing the effects of biotic homogenization on 57 

biodiversity and ecosystem functionality (12). Furthermore, the importance of conserving biodiversity 58 

cannot be underestimated in the face of continued species loss in this present time and as such, it is 59 

paramount to understand species composition both at the local and landscape levels (7) . 60 

Understanding spatial variation in species composition across various environmental extent has been a 61 

long-standing discourse in community ecological research (15). While several studies had examined 62 

different hypothesis explaining variations in species composition, current trends in community ecology 63 

have diverged investigations into the patterns, causes and consequences of beta diversity (14). Beta 64 

diversity (β-diversity), serving as a bridge between alpha (species composition within a habitat) and 65 

gamma diversity (diversity encompassing all habitats), has long attracted the attention of ecologists due 66 

to its ability to incorporate spatial components into ecological analyses (17). It emphasizes changes in 67 

community composition across different habitats, offering insights that differ markedly from those 68 

provided by alpha and gamma diversity (18). Analysis of beta diversity is vital in understanding 69 

variations in community structure and the underlying factors in relation to anthropogenic activities 70 

shaping species distributions in order to guide conservation effort (17). Furthermore, in understanding 71 

species composition at the spatial scale, there is need for clear definition of the diversity components 72 

shaping species composition both within and between habitats (18, 19). While alpha diversity highlights 73 

the influence of environmental drivers on intra-habitat species variation, beta diversity and its two 74 

important components of nestedness and turnover  reflects the differences in species composition 75 

between habitats (7, 19). Furthermore, the distinctiveness in beta-diversity patterns is fundamental to 76 

finding solutions to issues associated with species conservation (19). Since habitat loss have become a 77 

frequent occurrence and has greatly impacted species dependency and utilization (23), inter-site 78 

replacement of species may be the outcome of ecological processes, while species loss may be due to 79 



4 

 

events like extinction and colonization (21). These two events are major components of the dissimilarity 80 

index recently proposed by (19) and with gamma diversity, contribute to understanding biodiversity 81 

patterns at both local and regional scales (7, 18). Hence, both components are relevant in explaining the 82 

configuration of species across various anthropogenic landscapes (22), since they act as links between 83 

regional and local biodiversity  (7, 23). Despite its ecological relevance, beta diversity remains 84 

underexplored in comparison to other biodiversity metrics—particularly in the context of waterbirds. 85 

This conceptual gap is especially evident in Afrotropical wetlands, where anthropogenic disturbances 86 

significantly influence community (7, 9). 87 

In a bid to understand global trends in the life histories of species, studies that analyze structures and 88 

diversity across habitats are required despite the failure of such studies to differentiate between the 89 

influence of species sorting or environmental filtering (24, 25) The individual and combined effects of 90 

these two processes on avian assemblages have been debated (26, 27). Evidence from a study to assess 91 

the community structure and its potential drivers at different spatial scales revealed that the community 92 

structure of birds were predominantly controlled by species sorting, while environmental filtering also 93 

had an important joint role in structuring bird communities (26). While these two processes are 94 

perceived as vital factors in shaping species assemblages, there are concerns as to what extent is their 95 

influence on the beta-diversity of waterbirds in anthropogenic landscapes (28).  96 

Generally, several studies have examined the factors driving species assemblages (5), while only a few 97 

studies have examined such factors across anthropogenic landscapes (12). In sub-Saharan wetlands 98 

where this study was conducted, research in the area of species heterogeneity is scarce, especially for 99 

waterbirds despite the huge ecological potential they possess and also the potential of the region to act 100 

as conservation hotspots for Afrotropical and Palearctic migrant birds (35). The sub-Saharan region is 101 

currently affected by massive anthropogenic and climate change impact (36), and the expected rapid 102 

growth of this region will further deteriorate the current state (7). In the light of this danger, the region 103 

has an urgent need to evaluate the effects of wetland conversion in the bid to conserve its tropical 104 

ecosystem biodiversity.  105 
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In this study, we assessed the drivers of β-diversity in arid wetlands within anthropogenic landscapes. 106 

First, we hypothesized that turnover rather than nestedness will contribute to overall β-diversity in 107 

anthropogenic landscapes. Second, we explored the exclusive and shared contributions of spatial 108 

conditions (SPC), climatic conditions (CLC), environmental conditions (ENC), and anthropogenic 109 

conditions (ANC) in driving β-diversity. Here, we hypothesized that these conditions, either in their 110 

unique or combined state would be vital drivers of waterbird β-diversity in anthropogenic landscapes.  111 

Materials and Methods 112 

Description of the Study Area 113 

This study was conducted in the Hadejia-Nguru wetland network located between latitude 12°13ˈand 114 

13°00ˈN and longitude 10°00ˈ and 11°00ˈE in the Sahel zone of the North-Eastern Nigeria (Figure 1). 115 

The wetland complex runs from the Hadejia Basin in Jigawa through Nguru and Dagona in Yobe before 116 

merging with the Lake Chad as River Yobe (37). It is a protected area under the jurisdiction of the newly 117 

gazetted Hadejia Wetland National Park in Jigawa state and the Chad Basin National Park in Yobe 118 

state. The hydrology of the area consists of permanent bodies of water and seasonal flooded area due to 119 

precipitation (32). Because of the precipitation and inundation of this area, the soil becomes extremely 120 

saturated with water thus making about 40% of the wetland complex wet throughout the year 33). This 121 

provides vital habitats for many migratory birds and serves as a means of livelihood (40). The area 122 

received 600-1000mm of rainfall, occurring primarily during the wet season (late June – Oct) with very 123 

little precipitation during the dry season (Oct to May) (41). The zone is characterized by sparse and 124 

unique vegetation such as Acacia, Isoberlinia, and Daniellia. Also, the clayey nature of the zone 125 

facilitates high-water retention capacity observed for this area. The mean annual temperature is about 126 

33°C (38). The predominant anthropogenic activities in the area include fishing, farming, human 127 

settlement, lumbering, organic waste disposal and grazing. 128 

Sampling Design 129 

A simple random sampling method was used to quantify waterbirds population and communities across 130 

28 sites randomly generated with the ArcGIS software program and ground-truthed with the aid of a 131 
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handheld GPS (Garmin eTrex® 20 GPS) (36). Random sampling was used in this study to ensure every 132 

individual within the waterbird populations had an equal chance of being selected (43). The minimum 133 

distance between sites was 400 m apart. Waterbirds were sampled every two months and across seasons 134 

from 2019-2021. 135 

Land Use Characterization 136 

Using the method of Géant et al., (2025), we integrated remote sensing to better characterize land 137 

use and document dominant anthropogenic activities across wetlands. We downloaded cloud free 138 

satellite images to evaluate land use within the wetlands. Landsat 8-9 OLI/TIRS C2 L1 satellite imagery 139 

containing land use datasets was retrieved from NASA Earthdata (www. Earthdata.org). The Landsat 140 

satellite imagery was processed in QGIS software (Ver 4.0.3-Norrköping). The period of 2019 to 2021 141 

was considered as it allowed us to confirm the different land uses during the period of sampling. We 142 

reclassified land use data into six different or dominant types (45), which are: fishing (FH), farming 143 

(FM), grazing (GZ), human settlement (HS), lumbering (LB) and organic waste (OW). We conducted 144 

spatial analysis to determine the intensity of each land use sub-classes in the wetland. Land use intensity 145 

was determined from pixel or centroid counts generated from raster analysis. Due to the large pixel 146 

counts associated with each land use, a percentage scoring was derived for each land use class (Refer 147 

to Table S2). Thus, 148 

∑௜ܫܷܮ ݕݐ݅ݏ݊݁ݐ݊ܫ % ܫܷܮ  × 100 … .  149 1 ݑݍܧ

Where; 150 

= ௜ܫܷܮ  151 ݁ݏܷ ݀݊ܽܮ ℎܿܽ݁ ݂݋ ݕݐ݅ݏ݊݁ݐ݊ܫ

∑ ܫܷܮ =  152 ݕݐ݅ݏ݊݁ݐ݊ܫ ݁ݏܷ ݀݊ܽܮ ݈݈ܽݎ݁ݒܱ

Furthermore, we derived the anthropogenic disturbance index (ADI) for each wetland site by 153 

multiplying the wetland area (WA) by the percentage land use intensity in Equ 1. 154 

ܫܦܣ = × ܣܹ ݕݐ݅ݏ݊݁ݐ݊ܫ % … .  155 2 ݑݍܧ
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Waterbird Counts 156 

We adopted point count method at each census point for waterbird survey (46). Observations were made 157 

from 0530-1030hrs after dawn and 1530–1830hrs before dusk using 8 × 42 binoculars (Nikon Monarch 158 

M7). Waterbirds were sampled every two months and seasonally within a period of two years 159 

(2019/2020 and 2020/2021). We conducted waterbird counts for 10 minutes, with two minutes for 160 

settling and eight minutes for observation (42). Both resident and migrant waterbirds were identified to 161 

the lowest taxonomic level using standard field guide (47).  162 

Environmental Data 163 

A broad range of environmental data such as anthropogenic variables (which include data on dominant 164 

human activities per site), physicochemical variables (herein referred to as environmental conditions), 165 

spatial and climatic conditions were collected at each site.  166 

Anthropogenic conditions (ANC) were classified into dominant categories following established 167 

wetland disturbance types (such as habitat modification and land-use pressure), consistent with large-168 

scale wetland monitoring protocols (41). Dominant anthropogenic activities within each wetland were 169 

determined using a multi-metric Anthropogenic Disturbance Index (ADI). Land use classification 170 

resulted in six land use sub-classes (fishing (FH), farming (FM), grazing (GZ), human settlement 171 

(HS), lumbering (LB) and organic waste (OW)). 172 

Physicochemical parameters (herein referred to as environmental conditions (ENC) such as dissolved 173 

oxygen, hydrogen ion concentration, electrical conductivity, total dissolved solids and turbidity were 174 

determined in-situ using standard multi-probe portable YSI 9620 meter and multi-probe portable Hanna 175 

HI991300/1, Phosphate and Nitrate were determined following the methods of (49). Other physical 176 

variables such as depth was determined with a ruler calibrated at an accuracy of 0.1cm following the 177 

methods of (50), while flow velocity was estimated by observing the movement of a float (usually a 178 

tennis ball) over a predetermined distance (51). Climatic variables such as solar radiation (SR), surface 179 

water temperature (SWT), water vapour pressure (WVP), greenhouse gas (specifically N2O) and 180 

precipitation are key for wetlands as they influence climate change impacts, and facilitate seasonal 181 
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variability in wetlands by influencing species availability (52). Climate variables (CLC) such as SR, 182 

SWT, WVP and precipitation were retrieved from WorldClim database v.2.0 (www.worldclim.org) at 183 

~1 km (30 arc-seconds), while  greenhouse gas (specifically N2O) was retrieved from NASA Earthdata 184 

database (www.earthdata.org). Climate values were processed from each site from raster images and 185 

extracted with the QGIS software (Ver 4.0.3-Norrköping). We ensured extracted climate data were in 186 

congruence with spatial features collected with Geographic information Systems (GIS) during the 187 

sampling periods by ensuring the data were temporally and seasonally downloaded. 188 

We used Geographic Information Systems (GIS) to collect spatial features (SPC) represented by 189 

longitude and latitude, distance to human activity and altitude across each sampling site within the 190 

wetland network. The catchment of each study site was delimited based on a digital elevation model 191 

(DEM) with 30-m spatial resolution (53). The distance to human activity from each study site and 192 

altitude were estimated from the DEM pixel. Images were selected during the peak vegetation season 193 

in order to expand the identification of wetlands and its features. Geographic coordinates were 194 

transformed into distance-based Moran’s eigenvector maps (dbMEM) via spatial eigenvalue analysis 195 

(Refer to Table S3). First and second axis (MEM1 and MEM2) were extracted and used as part of spatial 196 

variables since both axes potentially possess higher explanatory powers (52). 197 

Data Analysis 198 

All data analysis was performed with R statistical software, R version 4.3.2 (47). We evaluated beta-199 

diversity across different levels of anthropogenic activities (Farming (FM), Fishing (FH), Grazing (GZ), 200 

Human settlement (HS), lumbering (LB) and organic waste (OW)). We decomposed beta-diversity into 201 

its components of turnover and nestedness (48) with the “betapart” package, using ‘Sørensen’ presence 202 

and absence data (56). The three derived distance matrices were used as the response variable. 203 

PERMDISP was used to examine differences in the matrices (average distances of communities to 204 

group multivariate centroids) between the categories of anthropogenic data (57). PERMDISP analysis 205 

which evaluates the homogenous dispersion of anthropogenic categories in relation to the waterbird 206 

species in the studied samples based on ANOVA F statistic was conducted using the “betadisper” 207 
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function in the “vegan” package (57). Furthermore, all p-values resulting from residual permutation 208 

were attained from group sample permutations centered to a common location using PERMDISP (7). 209 

The omission of potential variations in location facilitates the replacement of derived residuals under 210 

the null hypothesis of homogeneity of dispersions when compared to location influence, therefore 211 

increasing the likelihood of heterogeneity or dispersion in beta diversity of waterbirds as the average 212 

distance of each predictor group tend to significantly increase (50). The variations in the community 213 

assemblages of waterbirds across various anthropogenic activities was tested using the Permutational 214 

Multivariate Analysis of Variance (PERMANOVA) with the “adonis2” function in the R “vegan” 215 

package (59). PERMANOVA depend on distance matrices to evaluate variance (7) and similarities 216 

across different anthropogenic categories (52). Furthermore, an indicator species analysis (ISA) using 217 

abundance data was performed to determine the species driving variations in the composition of 218 

waterbirds at different human activities (53, 54). The ISA was performed with the package 219 

“indicspecies” and “multipatt” function to calculate the indicator value for waterbirds across the various 220 

categories of human activities (63). The statistical significance of the indicator values was assessed 221 

using Monte Carlo permutations, while the results were visualized using tables (63). 222 

Anthropogenic influences on waterbird beta-diversity were evaluated using distance-based redundancy 223 

analysis, with the inclusion of euclidified dissimilarities (52). We performed forward based selection 224 

by using the “ordiR2step” and “capscale” function to select for final spatial variables (SPC), climate 225 

variables (CLC), environmental variables (ENC), anthropogenic variables (ANC) for the models of 226 

each community matrix. The function “ordiR2step” builds model forward so that it maximizes 227 

adjusted R2 at every step, and stopping when the adjusted R2 begin to decline, or the adjusted R2 of 228 

the scope is exceeded, or the selected permutation P-value is exceeded (65). However, the “ordiR2step” 229 

function cannot be used if adjusted R2 cannot be calculated. 230 

The forward selection technique yielded two variables (MEM1 and Alt) for spatial conditions (SPC), 231 

four variables (WVP, SR, GHG and Prep) for climatic conditions (CLC) and four variables (TDS, TUR, 232 

EC and pH) environmental conditions (ENC).  For anthropogenic condition (ANC), we used the ADI 233 
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derived from remote sensing analysis. These final variables were used for final variation partitioning 234 

analysis. Variation partitioning based on adjusted R2 was performed for each dissimilarity matrices; 235 

(14, 57). Variation partitioning yielded single fractions (Table S4), pooled contributions and residuals 236 

or unexplained variance (U) for each predictor. Furthermore, we tested the significance of the single or 237 

unique fractions using the function “anova” in the R package vegan and interpreted the effect of 238 

predictors with adjusted R2 which signifies an unbiased estimation of the explained variance (58).Venn 239 

diagrams were used to visualize output of variation partitioning with the unexplained variance and 240 

allotted fractions shown. 241 

Results 242 

A total of 15750 individual waterbirds, representing 70 species, were recorded during the study.  Sixty-243 

three (63) species were recorded in sites dominantly influenced by grazing and lumbering activities, 244 

while fifty-one (51) species were reported in sites dominantly influenced by fishing activities. Wetland 245 

sites in proximity to human settlements recorded thirty-five (35) species, while twenty-four (24) species 246 

were reported in sites dominantly impacted by organic wastes (refer to “Table S1”). 247 

Across different levels of anthropogenic activities, PERMDISP result did not reveal a significant 248 

difference for β-diversity and its components (Figure 2; Table 2). However, the result of PERMANOVA 249 

indicated a significant difference for community compositions among different anthropogenic activities 250 

for overall β-diversity (F =1.37, p= 0.007) and turnover (F =1.42, p= 0.009), while nestedness (F =1.20, 251 

p= 0.293) did not vary significantly across anthropogenic types (Figure 3; Table 3). Similarly, ANOVA 252 

test result for dbrda analysis to assess constraints significance on waterbird indices revealed a significant 253 

difference for overall β-diversity (F =2.74, p= 0.001) and turnover (F =3.48, p= 0.001), while nestedness 254 

(F =0.14, p= 0.999) did not vary significantly (Table 4). Indicator species analysis revealed that the 255 

African Darter, African Fish Eagle, African Pygmy Kingfisher, African Wattled Lapwing and the 256 

Lesser Jacana were the species driving variation in the community structure of waterbirds in wetlands 257 

dominated by fishing activity (Table 1). In wetlands dominantly influenced by farming activities, the 258 

Egyptian Goose, Great Snipe, Kittlitz's Plover, Tufted Duck and White Stork were the species driving 259 

variation in the community composition of waterbirds, while the Black-Tailed Godwit, Black Stork and 260 
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Goliath Heron were the species influencing waterbird composition in wetlands dominated by grazing 261 

activity (Table 1). However, in wetlands impacted by organic waste, two waterbird species, African 262 

Pygmy Goose and Black Crake dominantly influenced the community structure of waterbirds in such 263 

wetlands (Table 1). The result of constrained ordination using dbRDA revealed that for all 264 

compositional matrices used as a response across selected groups of predictors (SPC, CLC, ENC and 265 

ANC), the unexplained variance was 63% (for total diversity), 64% (for turnover) and 64% (for 266 

nestedness; Figure 4). Generally, most of the variations in the assemblage of waterbird communities 267 

were accounted for by climatic conditions (CLC) and environmental conditions (ENC) (Figure 4). For 268 

variation in community composition, the joint contribution of SPC and CLC was 1% on overall β-269 

diversity, CLC and ENC was 16%, ENC and ANC contributed less than 1%, SPC and ENC contributed 270 

1%, while the combined effect of SPC and ANC on overall β-diversity was negligible (Figure 4). For 271 

turnover (simpson), 7% and 5% of the variation was contributed by SPC and CLC respectively, the 272 

effect of ANC was 2% while the effect of ENC was negligible (Figure 4). Furthermore, the combined 273 

effect (Table S5) of CLC and ENC on turnover was 15%, while the combined effect of other variables 274 

was less than 5% (Figure 4). For overall beta-diversity and turnover, the tested fractions were highly 275 

significant while the tested fractions for nestedness was not significantly different (Table 4). 276 

 277 
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 278 

Figure 1: Map of study area showing sites with designated anthropogenic activities 279 

 280 

Figure 2: Principal coordinate analysis (PCoA) plots of variation in waterbird composition and beta 281 

diversity across different categories of anthropogenic activities. 282 
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 283 

Figure 3: Boxplots of median distance to centroid of the anthropogenic classes: (a) Sørensen, (b) 284 

Simpson, and (c) Nestedness-resultant component for each anthropogenic class in the waterbird data  285 

 286 

Figure 4: Venn diagrams of variation partitioning of waterbird community assemblage based on: 287 

Sorensen (Overall Beta-diversity), Simpson (Turnover) and nestedness (from left to right) across SPC; 288 
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Spatial condition, CLC; Climatic condition, ENC; Environmental condition and ANC; Anthropogenic 289 

condition. Numbers shown inside Venn diagrams represent adjusted R2 values. 290 

Table 1: Results of Indicator species analysis showing species driving variation in the community 291 

structure of waterbirds in wetlands dominated by Anthropogenic activities 292 

Common Name Taxa Taxa 

Code 

Human Activity stat p.value 

Anhinga rufa African Darter AFDAR FH 0.22 1.0000 

Haliaeetus vocifer African Fish Eagle AFFEA FH 0.39 0.2546 

Ceyx pictus African Pygmy 

Kingfisher 

AFPKI FH 0.22 1.0000 

Vanellus senegallus African Wattled Lapwing AFWLA FH 0.22 1.0000 

Microparra capensis Lesser Jacana LEJAC FH 0.49 0.1683 

Alopochen aegyptiaca Egyptian Goose EGGOO FM 0.44 0.1399 

Gallinago media Great Snipe GRSNI FM 0.29 0.8091 

Charadrius pecuarius Kittlitz's Plover KIPLO FM 0.36 0.4942 

Aythya fuligula Tufted Duck TUDUC FM 0.43 0.2794 

Ciconia ciconia White Stork WHSTO FM 0.47 0.0727 

Limosa limosa Black-Tailed Godwit BLGOD GZ 0.26 0.6526 

Ciconia nigra Black Stork BLSTO GZ 0.26 0.6438 

Ardea goliath Goliath Heron GOHER GZ 0.26 0.6406 

Nettapus auritus African Pygmy Goose AFPGO OW 0.64 0.0104 

Amaurornis flavirostra  Black Crake BLCRA OW 0.51 0.3606 

 293 

 294 

 295 
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Table 2: Summary of PERMDISP test output and test for homogeneity in beta-diversity across 296 

anthropogenic status. 297 

Distance 

Matrix 

Average distance to median SS MS F Pr(>F) 

FH FM GZ HS LB OW 

Sor 0.46 0.50 0.48 0.46 0.43 0.39 0.04 (0.23) 0.01 (0.00) 1.77 0.147 

Sim 0.40 0.46 0.40 0.41 0.38 0.33 0.04 (0.53) 0.01 (0.01) 0.84 0.54 

Sne 0.20 0.17 0.19 0.20 0.17 0.17 0.01 (0.57) 0.00 (0.01) 0.16 0.98 

 298 

Table 3: Permutational Multivariate Analysis of variance (PERMANOVA) result showing differences 299 

in community composition among anthropogenic status. 300 

Waterbird 

Matrix 

SS R2 F Pr(>F) 

Sor 1.49 (10.83) 0.12 (0.88) 1.37 0.007 

Sim 1.22 (8.62) 0.12 (0.88) 1.42 0.009 

Sne 0.27 (2.21) 0.11 (0.89) 1.20 0.293 

 301 

Table 4: ANOVA test result for dbrda analysis to assess constraints significance on waterbird indices 302 

Waterbird Matrix SS F Pr(>F) 

Sor 1.16(11.16) 2.74 0.001 

Sim 1.14(8.70) 3.48 0.001 

Sne 0.01(2.46) 0.14 0.999 

 303 

Discussion 304 

The study compared waterbird communities among wetland types that are under different forms of 305 

anthropogenic influence. It supports the existence of heterogeneity in species assemblages among 306 
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anthropogenic land-use categories. While there is an increasingly shift in the utilization of β-diversity 307 

for the regional study of biodiversity processes, most ecological systems and biota, the 308 

conceptualization in the overall study of β-diversity especially in sub-Saharan wetlands that are 309 

perturbed by different levels of anthropogenic activities is overwhelming (7, 59, 60). Although there is 310 

the existence of alpha and gamma diversity in assessing the compositional variation of species across 311 

different anthropogenic perturbations and habitat features (9, 61, 62), the result of such studies does not 312 

undermine the importance of assessing the influence of anthropogenic activities in structuring beta 313 

diversity (10, 11, 63). 314 

Anthropogenic activities in wetlands play a vital role in facilitating the beta alteration of regional species 315 

(4, 64). While the primary focus of previous studies examined the singular influence of such activities 316 

around wetlands (65, 66, 67), this study have assessed other categories of anthropogenic activities such 317 

as human settlement, fishing (which occur right inside wetland habitats), grazing (which have the 318 

tendencies to facilitate deforestation), lumbering and organic wastes which may prove crucial in 319 

influencing the β-diversity of waterbirds in arid wetlands. As expected, the overall β-diversity was 320 

driven by the turnover while nestedness revealed a negligible effect on β-diversity, an indication that 321 

assemblages of waterbirds in each wetland within the anthropogenic landscape are heterogenous (68). 322 

One possible explanation for such unique process is that waterbird assemblages in one wetland type 323 

may have been replaced by another (69) as they navigate from one habitat to another in search of 324 

opportunities (30, 70) and as such limiting their preference to specific habitats due to resource depletion 325 

as a result of persistent anthropogenic perturbation (71). Realistically, anthropogenic perturbations may 326 

promote limited resources which lead to interspecific competition and constrain to the coexistence of 327 

functionally similar species within these wetlands, thereby increasing homogeneity (30, 73). However, 328 

that may not be the case for this study where reduced intensity of anthropogenic perturbations create 329 

heterogeneity through the availability of microhabitats to promote ecological diversity (74, 75, 76). 330 

While our findings clearly conforms with the outcomes of (5) where dissimilarity in species 331 

composition across anthropogenic gradients was mainly due to different occurring species rather than 332 

a systematic loss in species across sites, it solidly contrast with the findings of (32) where it was reported 333 
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that anthropogenic landscapes can facilitate the homogenization of birds. In west Africa where 334 

anthropogenic disturbances was revealed to be the main drivers of reduced species diversity (69), the 335 

influence of anthropogenic activities on local species pool has been seriously debated as multifaceted, 336 

ranging from species reduction to complete loss (77, 78). 337 

Despite the designation of Hadejia-Nguru wetlands as a protected area under the Hadejia Wetland 338 

National Park and Chad Basin National park (79), the wetlands within the area are perturbed with human 339 

activities like farming, human settlement and grazing activities. These activities in no doubt pose a 340 

direct challenge to their conservation effort. For wetlands that are in close proximity to human 341 

settlement, sewage waste can be disposed untreated into these waterbodies, facilitating their 342 

contamination (80). Additionally, changes in vegetation composition as a result of anthropogenic 343 

activities like grazing and lumbering may adversely impact the quality (in terms of resource availability) 344 

of these habitats for waterbirds, which will have a cascading impact on the diversity and assemblage of 345 

waterbirds in their wetland habitats (81, 82 ). 346 

It is worth noting that despite the non-significant relationship in waterbird indices across anthropogenic 347 

classes as revealed from the PERMDISP result, the significant contribution of species turnover to 348 

overall beta-diversity in such anthropogenic landscapes clearly reveal its influence in facilitating 349 

changes in biophysical processes that may improve wetland stability and indicates that heterogeneity is 350 

a process that is bound to occur at a multivariate space (83). Again, the evidence that overall beta 351 

diversity was significantly influenced by either turnover potentially gives an indication that variation in 352 

community composition in anthropogenic landscape may not be as a result of different species 353 

occupying different wetland sites (11, 48) rather, it may be due to the level of fidelity shown by 354 

waterbirds to specific sites (84, 85). 355 

From the result of our distance-based redundancy analysis (dbRDA), it is obvious that minimal 356 

variations in the composition of waterbirds were inadequately explained by the four groups of 357 

environmental variables. The large unexplained variation recorded in this study are common in 358 

community studies where adjusted R2 values have been used to describe the result of constrained 359 
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ordination (9,11, 58, 86-87). However, the large unexplained variance reported in this study should not 360 

be conceived as an underestimate of the vital processes influencing waterbird composition in these 361 

wetlands perturbed by various anthropogenic impacts. Previous studies have also reported high 362 

residuals, especially in Afrotropical landscapes where such studies were conducted (9, 11, 88, 89). The 363 

fact that wetland systems in anthropogenic landscapes are recipients of anthropogenic perturbations 364 

which impact their ecological integrity (90, 91, 92)  may provide ample justification of the high residual 365 

values or unexplained variance reported for this study. 366 

Accordingly, the result from this study which revealed the relative importance of the combined effect 367 

of climatic and environmental conditions in driving waterbird compositions in these perturbed wetlands 368 

conforms with previous findings, where variations in the community structures of aquatic fauna due to 369 

environmental factors may show close ties to ecological disparities among groups of species in the 370 

community (93). Specifically, we also found that the variation in total β-diversity of waterbirds was 371 

also individually influenced spatial, climatic and environmental condition, despite the individual effects 372 

being weak. Thus, our study suggests such factors as vital environmental filters which possibly facilitate 373 

the dispersal ability of waterbirds (9, 94) or influence heterogeneity in waterbird communities (95), the 374 

effect which may prove difficult to distinguish since both processes may initiate spatial structuring in 375 

the assemblage of waterbirds (96). Furthermore, the overall effect of environmental filtering on the 376 

composition of waterbirds is largely dependent on the magnitude of environmental gradient and 377 

consistent with the study of (11). While anthropogenic activities such as fishing, farming, grazing, 378 

human settlement, lumbering and organic waste release are dominant and well documented in the study 379 

area (97, 98), their ability to initiate ecological processes like environmental filtering have not been 380 

established. While, the unexpected negligible effect of other environmental factors (specifically ANC) 381 

on the composition (total β-diversity, turnover and nestedness) of waterbirds is consistent with previous 382 

studies (100, 101), such studies may have concluded that few spatial processes have limited influence 383 

on small organisms due to the dominant role of environmental filtering  (102). Also, it is somewhat 384 

surprising, as many studies have emphasized the significant effects of land use on in-stream local 385 

environmental conditions and subsequently on fauna assemblages (103). Though, this may not be the 386 
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case for waterbirds which easily migrate large distances, despite speculations that movement limitation 387 

may have resulted from variation of the ecological processes through anthropogenic perturbation (104). 388 

This study provides a theoretical foundation for a profound understanding of waterbird community 389 

structure, environmental filters and ecological management under different anthropogenic conditions. 390 

From the perspective of natural resource conservation, the heterogeneity in waterbird assemblages in 391 

anthropogenic landscape can be very vital, as the degradation of arid wetlands may facilitate the creation 392 

of habitat mosaics and result in a marked decline in waterbird richness at a regional scale. This suggests 393 

that conservation efforts encompassing waterbirds (9) and other fauna (16, 60), should focus on 394 

preserving arid wetland ecosystems covering large geographic areas. Furthermore, the effect of spatial, 395 

climatic and environmental conditions clearly indicates that the heterogeneity in the assemblage of 396 

waterbirds in the anthropogenic landscape was dominantly shaped by environmental filtering. This 397 

study further provides valuable and novel insights into the processes structuring waterbird communities 398 

in wetlands perturbed by anthropogenic activities in arid systems and provides a theoretical basis for 399 

the ecological management of wetland environment. In the conservation sphere, limited attention has 400 

been paid to the potential loss of waterbirds and overall wetland biodiversity especially in arid regions 401 

where irrigation farming, grazing and other land use change are paramount. Such losses if not managed 402 

could impact ecosystem services and as such, call for actions that will facilitate their protection. 403 

Conclusions 404 

This study revealed new insight into the conservation of waterbirds across anthropogenic landscapes by 405 

assessing the drivers of beta diversity (β-diversity) in arid wetlands subject to various anthropogenic 406 

activities. We hypothesized that overall β-diversity in anthropogenic landscapes will be influenced by 407 

turnover rather than nestedness. Overall β-diversity was driven by the turnover while nestedness 408 

revealed a negligible effect on β-diversity. Through dbRDA, the exclusive and shared effect of 409 

environmental factors on β-diversity was explored and minimal variations in the composition of 410 

waterbirds which were inadequately explained by the four groups of environmental variables were 411 

revealed. While this study revealed climate and environmental conditions as vital environmental filters 412 

driving the composition of waterbirds in anthropogenic landscapes, the negligible effect of 413 
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anthropogenic conditions in structuring assemblage of waterbirds in wetlands subject to anthropogenic 414 

perturbation should not be undermined. Thus, it is suggested that conservation efforts encompassing 415 

waterbirds and other fauna should focus on preserving arid wetland ecosystems covering large spatial 416 

scales. 417 
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