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Abstract. Understanding how local management and landscape structure influence biodiversity in tropical crop-
lands is crucial for reconciling food production and conservation. Here, we examined how field- and landscape-
scale characteristics relate to bird species richness in lowland rain-fed rice fields of northern Guinea-Bissau.
Birds were surveyed along nine transects repeatedly sampled during two rice-growing cycles (2021–2022), and
species were assigned to four trophic guilds: frugivores, granivores, invertivores, and omnivores. Field variables
(parcel area, tree cover, field width) and landscape metrics (fragmentation, diversity, edge complexity) were
derived from satellite imagery across multiple spatial scales. Species richness for each transect survey was esti-
mated using Bayesian models, and linear mixed models were used to relate richness to environmental predictors
and to principal ecological gradients summarizing field- and landscape-level structure.

A total of 150 bird species were identified, with an estimated mean species richness of 18.2 species per tran-
sect survey. At the field scale, tree cover increased invertivore and frugivore richness by 17.0 % and 16.4 %
of the standard deviation, respectively, while wider fields supported higher overall richness and higher rich-
ness of granivores and omnivores, with increases of 2.9 %, 5.6 %, 18.4 %, and 14.0 % of the standard deviation,
respectively. At the landscape level, bird richness varied with composition and configuration in a scale- and
guild-dependent manner: frugivores, invertivores, and omnivores responded primarily at broader scales (1600 m
radius around the rice fields), whereas the entire community and granivores showed stronger associations with
intermediate-scale attributes (800 m radius). When jointly considering field- and landscape-scale attributes, bird
richness showed stronger associations with landscape-scale gradients than with field-scale characteristics. Land-
scape characteristics significantly influenced the richness of the entire community as well as all trophic guilds
considered. In contrast, field-level features affected only frugivores, invertivores, and omnivores, with the rich-
ness of these guilds increasing with field openness. These results highlight the context-dependent ecological
meaning of commonly used heterogeneity metrics and suggest that sustaining bird richness in smallholder rice
systems is likely to benefit from landscape-level planning complemented by field-scale management actions,
such as retaining scattered trees.
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1 Introduction

More than one-third of the Earth’s land surface is currently
devoted to agriculture (FAO, 2024; Tubiello et al., 2023),
and bird species associated with agroecosystems are expe-
riencing alarming global population declines (Perrings and
Halkos, 2015; Rigal et al., 2023; Şekercioglu et al., 2019).
Long-term monitoring in temperate regions has revealed
steep and persistent reductions: in the European Union, agri-
cultural and grassland species have declined by 35 % since
1980 (Burns et al., 2021), while in North America, farmland
birds have lost 74 % of their abundance since 1966 (Stanton
et al., 2018). Similar patterns have been observed elsewhere;
in Japan, farmland birds showed a marked contraction in ge-
ographic range at around the turn of the century (Amano and
Yamaura, 2007). Although systematic monitoring in Africa
remains limited, an 18-year study in Nigeria found that bird
species undergoing declines were predominantly associated
with open and grassland habitats (Ishong et al., 2022). Across
Africa, tropical grassland biodiversity is generally declining
due to the ongoing degradation and transformation of these
ecosystems, with some regions having lost over 30 % of na-
tive grassland cover in recent decades (Newbold et al., 2017;
Vukeya et al., 2025).

Rice, as both a cornerstone of food security and a domi-
nant land use in tropical regions (Global Rice Science Part-
nership, 2013), exemplifies the challenge of reconciling agri-
cultural production with biodiversity conservation. In 2023,
Africa had over 18.7 million ha under rice cultivation, most
of it in West Africa (Jiang et al., 2025), where production
is largely carried out by smallholders using labour-intensive
practices and minimal chemical inputs (Temudo, 2011). Al-
though such systems often produce lower yields than mech-
anized agriculture, they are generally associated with higher
biodiversity and the maintenance of key ecosystem functions,
as reported for Southeast Asia rice systems (Propper et al.,
2024). Traditional rice fields can provide habitats for a wide
range of bird species, especially waterbirds and open-area
specialists (Bos et al., 2006; Cao and Fox, 2009; Fasola and
Ruiz, 1996; Weller, 1999; Wymenga and Zwarts, 2010). In
some regions, flooded rice paddies act as surrogates for nat-
ural wetlands, offering foraging and roosting opportunities
(Fasola and Ruiz, 1996). However, the ecological value of
rice paddies is highly context dependent and strongly medi-
ated by local management (Tong, 2017).

Rice-growing landscapes are inherently dynamic, and
management decisions often vary over time and among farm-
ers in response to social or economic pressures (Temudo,
2011). Differences in landowners’ goals, water management,
and mechanization generate strong spatial contrasts in habitat
structure, influencing key ecological attributes such as vege-
tation complexity, water availability, and food resources that
determine suitability for different bird groups (King et al.,
2010). Traditional rice fields in West Africa are often estab-
lished in rain-fed floodplains and are typically characterized

by narrow configurations and irregular edges. Isolated trees
or small tree clumps are commonly retained for resource ex-
traction, soil fertility enhancement (e.g. nitrogen fixation),
and shade provision, and contribute to soil moisture retention
(Garrity et al., 2010). Beyond field-level characteristics, bird
diversity in rice agroecosystems is also shaped by the broader
landscape context, including land-cover composition, frag-
mentation, and configuration (Elphick, 2008; Marcolin et al.,
2021), with responses often mediated by species’ ecological
traits (King et al., 2010).

Despite West Africa’s importance both as a major rice-
producing region and as a centre of high avian diversity, bird
communities in its rice fields remain poorly studied (Kouadja
et al., 2023; Odoukpe and Yaokokore-Beibro, 2014). Exist-
ing research on rice agroecosystems has focused largely on
waterbirds, with a strong emphasis on intensive production
systems (Bos et al., 2006; Nachuha, 2009; Wymenga and
Zwarts, 2010; Yaokororé-Béibro and Odoukpé, 2015; Zwarts
et al., 2009); no studies to date have examined how mul-
tiple dimensions of landscape structure operate across spa-
tial scales to shape broader bird communities. Moreover, al-
though landscape heterogeneity is often associated with pos-
itive biodiversity responses in agricultural systems, similar
heterogeneity values may reflect contrasting landscape con-
figurations, in which habitat patches differ in their spatial
arrangement and connectivity, leading to different ecologi-
cal outcomes (Fahrig et al., 2011; Tscharntke et al., 2012).
As a result, it remains unclear whether general expectations
derived from other regions, such as the positive effects of
field- and landscape-scale diversity, apply to low-intensity,
smallholder rice landscapes in the tropics. The relative im-
portance of field- versus landscape-scale characteristics in
shaping biodiversity responses in these systems also remains
poorly understood.

In this study, we provide a functional assessment, based
on trophic guilds, of bird species richness in small-scale,
rain-fed floodplain rice fields in Guinea-Bissau, based on
repeated surveys conducted across two rice-growing cycles.
By explicitly separating field-scale structural attributes from
landscape-scale gradients of composition and configuration,
and by evaluating responses across multiple spatial scales,
we aim to examine how bird species richness responds to
commonly used measures of landscape heterogeneity in a
smallholder rice system, and to compare the relative impor-
tance of field- and landscape-scale drivers. Specifically, we
address the following questions:

1. How do rice field characteristics, namely parcel area,
tree cover, and field width, influence bird species rich-
ness at the community level and within trophic guilds?

2. How does landscape composition and configuration,
measured by fragmentation, diversity, and edge com-
plexity at multiple spatial scales, influence bird species
richness across the surveyed community?
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3. How does bird species richness, overall and across
trophic guilds, respond to ecological gradients at field
and landscape scales, and what is the relative influence
of local versus landscape-scale drivers?

We hypothesize that both field- and landscape-scale char-
acteristics would influence bird richness, with responses
varying among trophic guilds. At the field scale, we ex-
pect that greater structural complexity, reflected by tree and
shrub cover, would be associated with higher species richness
by increasing the availability of foraging substrates, nesting
sites and shelter. We further expect that field width would in-
fluence richness by modulating openness and edge availabil-
ity within rice fields (Longoni, 2010). At the landscape scale,
we hypothesize that bird species richness would respond
to gradients of composition and configuration across spa-
tial scales, reflecting differences in habitat availability, con-
nectivity, and access to complementary resources (He et al.,
2023; Marcolin et al., 2021). We expect that the direction
and strength of these relationships would depend on the eco-
logical meaning captured by commonly used heterogeneity
metrics, which may vary across landscapes and scales (Berry,
2001; Lee et al., 2024). Finally, we hypothesize that bird rich-
ness would be more strongly associated with landscape-scale
gradients than with field-scale characteristics, consistent with
the influence of the broader spatial context on local commu-
nities (Cabral et al., 2021; Redlich et al., 2018).

By linking the multi-scale drivers of bird richness with
diet-based functional groupings, our study aims to advance
ecological understanding and inform agroecological man-
agement and landscape planning, offering guidance for poli-
cies that aim to reconcile food production with biodiversity
conservation in smallholder rice systems in West Africa.

2 Materials and methods

2.1 Study area

The study was carried out in the Oio region, northern Guinea-
Bissau (Fig. 1). The area is flat, with a landscape dominated
by savannah woodland, cashew orchards, and rain-fed flood-
plain rice fields. Due to human activities, particularly fire and
shifting agriculture, the prevailing vegetation consists of sec-
ondary formations, although some patches of native forest
persist (Catarino et al., 2008; dos Reis-Silva et al., 2025).
Urban settlements are small, generally housing only a few
hundred inhabitants. The climate is typical of tropical savan-
nah, with an average annual temperature of 28 °C and little
intra-annual variation. The rainy season occurs from June to
November, peaking in August, while the remaining months
are dry (The Climate Change Knowledge Portal, 2025).

In our study area, rice fields were located along flood-
plains bordering small watercourses, extending for 1–4 km
and varying from a few dozen up to more than 200 m in
width. Each field consisted of dozens of parcels separated

by earthen bunds – slightly raised earth structures that de-
lineate individual parcels, control water flow, and often sup-
port natural vegetation (Fig. S1 in the Supplement). Each
parcel has an approximately square shape with an average
side length of 50 m. Rice cultivation is carried out almost
entirely by women from nearby villages, using manual prac-
tices and minimal chemical inputs (Chaves et al., 2024). Dur-
ing the study period, each woman managed her own parcel
independently, resulting in a heterogeneous mosaic in which
parcels with different rice varieties, management techniques,
and growth stages occurred side by side. Sowing began with
the onset of the rainy season in late June or July, and har-
vest took place between December and January. After har-
vest, fields lay fallow until the next growing cycle, sometimes
serving as grazing areas for cattle.

2.2 Bird surveys and trophic guild data

Bird communities were surveyed along nine transects estab-
lished in seven rice fields and repeatedly visited during the
rice-growing cycle. Each transect (610–1200 m in length)
crossed dozens of parcels within the same rice field. Tran-
sects were surveyed as continuous walks at a constant pace,
without fixed stopping points, and all birds seen or heard
within the rice fields, from the observer to the field’s edge,
were recorded (Bibby et al., 2000). In total, 224 transect
surveys were conducted. Each survey (transect× date) was
treated as an individual sampling unit in the analyses, and
richness was not aggregated across repeated visits.

Birds flying over the rice fields were excluded, except
for aerial foragers such as swallows and swifts. Surveys be-
gan at sunrise and were completed within a 3 h window,
during which two transects were surveyed (including travel
time), while avoiding adverse weather conditions, such as
strong winds or rain. Each transect survey lasted an aver-
age of 63 min (standard deviation (SD)= 24 min). All tran-
sects were performed by the first author, with some replicates
conducted by the second author. Both are experienced field
ornithologists familiar with the local avifauna. These main
observers were always accompanied by a less experienced
assistant who recorded the data and provided additional de-
tections.

Sampling was conducted in three periods: (1) October to
December 2021, (2) June to July 2022, and (3) Septem-
ber to December 2022. In 2021, six transects were estab-
lished across five rice fields near the settlements of Lenque-
bato, Djalicunda, Bironqui, Bereco, and Demba Só. In 2022,
one transect was established in each of three additional rice
fields: Demba Só, Mansaba, and Mambonco (Fig. 1). In both
years, each transect was surveyed between 10 and 38 times,
with a mean of 25 surveys per transect. Sampling effort
ranged from 17 surveys in June to 64 in October, averaging
37 per month.

We assembled data on trophic guilds from the AVONET
database (Tobias et al., 2022). Each species was assigned
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Figure 1. Location of the study area in Guinea-Bissau (top left), distribution of the transects across the landscape (bottom left), and location
of the nine transects in the floodplain valleys with rice fields (right).

to the diet group that accounted for at least 60 % of its
food resources. Species for which no single food type com-
prised 60 % of the diet were classified as omnivorous.
Species groups representing less than 3 % of the community
were excluded, yielding four groups for analysis: frugivores,
granivores, invertivores, and omnivores.

2.3 Environmental variables

Environmental variables were derived from satellite imagery
provided by Bing Maps, using QGIS tools (QGIS.org, 2023),
which allowed the consistent and spatially explicit quantifi-
cation of field- and landscape-scale characteristics across all
study sites. These were designed to capture both local (field-
scale) and broader (landscape-scale) drivers of bird species
richness.

To characterize rice fields, we derived three variables:
(1) average rice field width; (2) parcel area, used as a proxy
for the effect of bund vegetation; and (3) percentage cover of
trees and shrubs. “Field” refers to one entire rice field, which
in many cases corresponds to the full extent of the flood-
plain. “Parcel” refers to a smaller management unit within
a field, cultivated independently by one family and delim-
ited by earthen bunds supporting herbaceous and shrub veg-
etation. Smaller parcels therefore imply a higher perimeter-
to-area ratio, resulting in a greater length of bunds per unit
area and, consequently, more extensive associated vegetated
habitat. Hereafter, this terminology is adopted throughout
the text. These variables were selected because they reflect

the key structural features of rice fields that can influence
bird richness by affecting habitat heterogeneity, edge effects,
and resource availability. Field width (m) was measured ev-
ery 100 m along each transect and averaged. Parcel area (m2)
was estimated from a sample of 25 randomly selected parcels
in each rice field. Given the low within-field variation in par-
cel size, any upward bias introduced by the random-point
method is expected to be minimal. Tree and shrub cover was
estimated by generating 50 random points per rice field and
recording whether each fell within woody vegetation. Trees
and shrubs were grouped, as satellite imagery did not allow a
reliable differentiation. Random points were generated using
the “random points in polygons” tool in QGIS.

To characterize the surrounding landscape, we mapped
land-use categories (mudflat, open, wooded, forested, and
built-up; Table S1 in the Supplement) using manual digi-
tization. Land cover was assessed within buffers in a geo-
metric progression of 100, 200, 400, 800, 1600, and 3200 m
around each rice field. These buffers were selected to capture
responses across multiple spatial scales while limiting redun-
dancy among highly correlated predictors. They represent
spatial scales relevant to the foraging and dispersal capaci-
ties of birds (Miguet et al., 2016; Redlich et al., 2018), and
to approximate the movement capacity of species with larger
home ranges in our dataset (e.g. Ardeidae; Brzorad et al.,
2021). The resulting maps were used as input for Fragstats
(McGarigal et al., 2023) to calculate (1) landscape diversity
(SIDI), which quantifies the compositional heterogeneity of
the landscape by accounting for both the richness and rel-
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ative area of land-cover classes; (2) landscape fragmenta-
tion (ENN_MN), which measures the mean Euclidean dis-
tance between nearest neighbouring patches of the same class
and thus reflects the degree of spatial isolation among habi-
tat patches; and (3) edge complexity (PARA_MN), which
captures patch shape complexity by expressing the mean
perimeter:area ratio of individual patches, with higher values
indicating more irregular and convoluted patch boundaries.
These metrics were selected because they represent comple-
mentary aspects of landscapes that are ecologically meaning-
ful for patterns of bird richness (Lu et al., 2024).

2.4 Data analysis

To address the objectives of this study, analyses were con-
ducted in three steps: (i) estimation of species richness,
(ii) assessment of the effects of individual environmental
variables, and (iii) evaluation of their combined influence
across spatial scales.

2.4.1 Estimation of species richness

Bird species richness was estimated for each transect sur-
vey (transect× date), both overall and for each diet group.
Species richness was used as the primary biodiversity met-
ric (q = 0 Hill number), reflecting our focus on patterns of
species occurrence and functional representation rather than
abundance-weighted community structure. We used a frame-
work robust to small sample sizes (Dorazio et al., 2006;
Kéry and Royle, 2008; Yamaura et al., 2016) by fitting
Bayesian generalized additive mixed models (GAMMs) in
the brms package (Bates et al., 2015; Bürkner, 2017). Be-
cause richness is a non-negative count with variance increas-
ing with the mean, observed richness counts were modelled
with a Poisson distribution. The total number of individu-
als was included as a smooth predictor to account for differ-
ences in sampling effort among transects, recognizing that
it reflects both sampling intensity and underlying variation
in abundance, and allowing a flexible (non-linear) relation-
ship with species richness (Chao and Jost, 2012; Gotelli and
Colwell, 2001). Month was included as a random effect to
account for between-month variation. Although detectabil-
ity was not explicitly modelled, surveys followed a stan-
dardized protocol and were repeated across transects, reduc-
ing variability in detection. In addition, the inclusion of the
total number of individuals as a proxy for sampling effort
partly accounts for differences in detectability among sur-
veys. As our analyses focus on relative patterns across envi-
ronmental gradients, any remaining detectability bias is ex-
pected to have limited influence on the results. Default priors
from brms were used, corresponding to weakly informative
Student-t priors on intercepts and variance components, and
weakly regularizing priors on regression coefficients. These
priors provide regularization without constraining parame-
ter estimates and are appropriate for ecological count data

and small sample sizes (Bürkner, 2017; Gelman et al., 2008;
Tchetgen Tchetgen et al., 2021). This approach estimates ex-
pected species richness conditional on sampling effort and
detection, rather than using raw observed counts.

For each transect survey, the posterior mean of estimated
richness was extracted and used as the response variable in
subsequent analyses. This two-stage approach allowed us to
separate richness estimation from the evaluation of environ-
mental drivers. Spatial autocorrelation in estimated richness
was assessed using Moran’s I for both overall and trophic
guild richness (Griffith, 2010). No significant autocorrelation
was found.

2.4.2 Effects of individual environmental variables

To identify the main drivers of bird richness, we fitted uni-
variate linear mixed models (LMMs) with Gaussian errors,
using estimated richness as the response variable and includ-
ing field-scale (field width, parcel area, and tree cover) and
landscape-scale (diversity, fragmentation, and edge complex-
ity) predictors across multiple buffer distances. Month was
included as a random effect to account for repeated sampling
and to reduce temporal pseudo-replication, thereby leverag-
ing within-month replication to increase the effective sample
size without inflating degrees of freedom. Alternative ran-
dom effects structures (transect, field, and fortnight) were
evaluated but did not improve the model fit or affect fixed-
effect estimates; we therefore retained month as the sole ran-
dom effect as a parsimonious representation of temporal de-
pendence. For frugivores, invertivores, and omnivores, rich-
ness was log-transformed to reduce the right-skewness and
to improve the model fit (Curran-Everett, 2018).

All predictors were standardized (mean centred and scaled
by standard deviation). Model assumptions were evalu-
ated with DHARMa residual diagnostics, including the
Kolmogorov–Smirnov test for distributional deviations, and
a two-sided binomial outlier test (Hartig, 2024).

2.4.3 Integrated effects of field and landscape structure

To assess the combined influence of environmental variables
and reduce collinearity, principal component analysis (PCA)
was used to summarize correlated field- and landscape-
scale descriptors into orthogonal gradients. Variables were
rescaled to a 0–1 range (min–max normalization) prior to
analysis to avoid differences in measurement scale and en-
able direct comparison between field- and landscape-scale
effects. The first two principal components were retained
based on explained variance and interpretability. Variable
loadings were used to interpret the contribution of each vari-
able to the resulting gradients. Composite predictors derived
from the PCA scores represented field-scale (“field open-
ness”) and landscape-scale (“landscape structure”) gradients.

Univariate LMMs were first fitted for each composite pre-
dictor across buffer distances, including month as a random
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effect to account for temporal dependence. Collinearity be-
tween composite predictors was assessed using Spearman’s
rank correlation. Because field openness and landscape struc-
ture were strongly correlated at the 100 m buffer (r =−0.73;
Tabachnick et al., 2007), landscape structure at that scale was
excluded from the analysis.

For landscape structure, buffer size was selected based on
model performance across spatial scales. Specifically, uni-
variate LMMs were fitted for each buffer distance, and the
scale included in the multivariate model corresponded to the
buffer that minimized the Akaike information criterion cor-
rected for small sample sizes (AICc), thereby identifying the
spatial scale at which landscape structure best explained vari-
ation in species richness (Burnham and Anderson, 2002).

To assess the relative influence of field- and landscape-
scale gradients on species richness, we fitted multivari-
ate LMMs including both composite predictors, again in-
cluding month as a random effect. Non-linear relationships
(quadratic, cubic, and square-root terms) were tested but not
retained. Multicollinearity was assessed using variance infla-
tion factors (VIFs). Model assumptions were evaluated us-
ing DHARMa diagnostics (Hartig, 2024).

All reported effects and intervals correspond to the linear
mixed models (Sect. 2.4.2 and 2.4.3) rather than the Bayesian
richness estimation step.

All analyses were conducted in R v. 4.2.1 (R Core Team,
2022a) within RStudio (R Core Team, 2022b). LMMs were
fitted with the lme4 package (Brooks et al., 2017). Model se-
lection and validation used MuMIn and car (Bartoń, 2025;
Fox and Weisberg, 2018), in addition to DHARMa (Hartig,
2024). Moran’s I and PCA were conducted using the spdep
and FactoMineR packages, respectively (Bivand and Wong,
2018; Lê et al., 2008). Statistical significance was set at
p < 0.05.

3 Results

A total of 150 bird species, belonging to 53 families and
17 orders, were recorded (Table S2). Estimated species rich-
ness per transect survey ranged from 8.5 to 24.8, with a mean
of 18.2 species. Among trophic guilds, granivores and in-
vertivores were the most diverse, with averages of 4.9 and
3.7 species, respectively.

3.1 Effects of rice field characteristics on bird
communities

The effects of field-scale variables differed between the over-
all community and trophic guilds (Fig. 2 and Table S3). Vari-
ation in parcel area did not affect overall community rich-
ness, nor did it influence richness within any trophic guild. In
contrast, both tree cover and field width were positively as-
sociated with community richness, with increases of approx-
imately 2.9 % per 1 SD. Frugivore richness increased with
both tree cover and field width, whereas granivore and omni-

vore richness responded positively solely to field width, and
invertivore richness responded positively solely to tree cover.

3.2 Influence of landscape structure on bird
communities

Most landscape variables showed clear effects on bird rich-
ness, evaluated at the most relevant scale for each group –
800 m for overall and granivore richness, and 1600 m for
the remaining groups (Fig. 3 and Table S4). Richness de-
clined with increasing patch fragmentation for all groups,
although this effect was uncertain for frugivores and grani-
vores. Landscape diversity was consistently negatively asso-
ciated with richness, with the strongest declines observed in
frugivores (22.6 % per 1 SD) and invertivores (19.2 %). In
contrast, edge complexity was positively related to richness,
with increases for the community and all trophic guilds.

3.3 Contribution of field- and landscape-scale predictors
to bird communities

For the surrounding landscape, we performed PCAs at all
buffer distances (200–3200 m; Figs. 4b, c and S2). Model se-
lection based on AICc identified 800 m as the most relevant
scale for overall and granivore richness, and 1600 m for fru-
givore, invertivore, and omnivore richness, with these models
showing the lowest AICc values and consistent support rela-
tive to alternative buffer sizes (Table S5).

The PCA of field characteristics summarized correlated
variables into two main gradients (Fig. 4a and Table S6). The
first principal component (62.5 % variance) reflects a gradi-
ent contrasting field width and tree cover, while the second
component (23.5 %) is associated with parcel area. The re-
sulting composite variable, “field openness”, captures a gra-
dient from narrow, tree-rich fields (negative values) to wide,
open fields with sparse trees (positive values), and was used
to assess the combined influence of field-scale structure (see
Table S7 for LMM results of “field openness”).

Similarly, PCAs of landscape variables at the selected spa-
tial scales summarized multivariate structure into dominant
gradients (Fig. 4b, c and Table S6). At both 800 and 1600 m,
the first principal component described a gradient opposing
landscapes with more complex patch shapes to those that
are more diverse and fragmented. The composite variable
“landscape structure” therefore represents structurally com-
plex, less fragmented landscapes (negative values) to more
heterogeneous but fragmented landscapes (positive values).
This composite predictor was used to assess the integrated
effects of landscape structure across scales.

Species richness per transect survey declined with “land-
scape structure” (Fig. 5a and Table S8) for all groups. “Field
openness” did not influence overall or granivore richness, but
it had a positive effect on frugivore, invertivore, and omni-
vore richness (Fig. 5b–e and Table S8). The apparent low
species numbers estimated in the GAMMs reflect that each
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Figure 2. Forest plots showing the percentage change in bird species richness per 1 SD increase in descriptors at field scale: parcel area, tree
cover, and field width. Circles represent estimated percentage changes and horizontal lines the 95 % intervals.

Figure 3. Forest plots showing the percentage change in bird species richness per 1 SD increase in landscape metrics: fragmentation,
diversity, and edge complexity. Results are shown only for the best buffer models for the overall community and each trophic guild. Circles
represent estimated percentage changes and horizontal lines the 95 % intervals.

value corresponds to the richness recorded in a single visit to
a transect, rather than a transect-level average. Overall, the
effect sizes associated with landscape structure were consis-
tently larger and more significant than those of field open-
ness. This contrast is evident in the steeper slopes and higher
significance of landscape structure compared to field open-
ness across models. Because all predictors were standard-
ized, these differences are directly comparable, indicating a
stronger influence of landscape-scale factors on species rich-
ness (Fig. 5 and Table S8).

4 Discussion

Our study provides one of the first evaluations of the drivers
of bird species richness in smallholder African rice agroe-
cosystems, a system that remains central to local food pro-
duction yet is poorly represented in ecological research. Bird
richness responded to both field- and landscape-scale char-
acteristics, with landscape-scale gradients showing consis-
tently stronger associations across trophic guilds. Field-level
effects were more context dependent, with “field openness”

having limited influence overall but a positive effect for
some guilds. At the landscape scale, bird richness declined
along the gradient of increasing “landscape structure”, in-
dicating that more fragmented and compositionally diverse
landscapes were associated with lower richness. These gra-
dients reflect underlying relationships with individual envi-
ronmental descriptors. For example, the positive responses of
some guilds to field openness are consistent with associations
with field width and tree cover, while the negative relation-
ship with landscape structure reflects the combined effects
of fragmentation and landscape diversity. Trophic guilds also
differed in their scale of response, consistent with differences
among functional groups in mediating sensitivity to habitat
structure (Jackson and Fahrig, 2015; Miguet et al., 2016).

4.1 Effects of rice field characteristics on bird
communities

Field-scale vegetation structure emerged as an important
driver of bird community richness, particularly across trophic
guilds. Scattered trees and shrubs increased structural het-
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Figure 4. Principal component analysis (PCA) summarizing field (a) and landscape variables measured at 800 m (b) and 1600 m (c). The
proportion of variance explained by the first two components (Dim. 1 and Dim. 2) is indicated in parentheses. Arrows show the direction and
relative contribution of each variable, and blue dots represent sampled sites.

Figure 5. Linear mixed models (LMMs) showing predicted bird species richness per transect survey as a function of field openness and
landscape structure for all species (a) and trophic guilds (b–e). Shaded areas represent 95 % confidence intervals. Month was included as
a random effect. Significance level: ∗∗∗=p < 0.001. Field PCA scores range from narrow, tree-rich fields (negative values) to wide, open
fields with sparse tree cover (positive values). Landscape PCA scores range from landscapes with intricate, well-connected patch shapes
(negative values) to those that are more compositionally diverse but also more fragmented (positive values).

erogeneity in fields and may facilitate the use of fields by
species that rely on woody elements across the landscape
(Lee et al., 2024; Martin et al., 2009). Rice fields contain-
ing woody vegetation supported higher invertivore richness,
as trees provide additional foraging substrates and microhab-
itats, a pattern also observed for insectivorous bats in this re-
gion (Fernandes et al., 2025). Homogeneous fields without
trees can host some foliage-gleaning invertivores adapted to
open herbaceous vegetation (Bos et al., 2006). However, the
presence of scattered trees broadens the available foraging
niches by attracting bark probers, hover-gleaners, and perch-
hunting species (Hološková et al., 2025). One widely occur-
ring species, the winter thorn (Faidherbia albida), is recog-
nized locally and in the scientific literature for supporting
diverse arthropod communities (Zwarts et al., 2023). Frugiv-
orous birds similarly benefited from the presence of trees,

likely reflecting the availability of fruit resources. Fruit-
producing species such as the giant-leaved fig tree (Ficus
lutea), an important component of West African trophic net-
works (Daru et al., 2015), occur in the study area, although
its specific contribution in our system remains untested.

Trees and shrubs thus performed multiple ecological func-
tions in fields by providing refuge, nesting sites, perching
structures, and a wider range of food resources (Angkaew
et al., 2023; Hološková et al., 2025). However, contrary to
our expectations, parcel area, used here as a proxy for the
extent of natural vegetation cover along bunds, did not in-
fluence bird richness. This suggests that not all aspects of
field-scale structural heterogeneity contribute equally to bird
richness and that the ecological relevance of such features de-
pends on their magnitude and functional expression (Fahrig,
2017).
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Field width also influenced bird species richness. Within
the heterogeneous smallholder landscape, wider rice fields
supported greater overall bird richness. This pattern likely
reflects moderate increases in field area within a structurally
diverse mosaic, rather than the homogenizing effect typi-
cally associated with large monocultures, which are absent in
this system (Zhu et al., 2024). Because fields in this system
are relatively narrow, increases in width expand the effective
foraging area without eroding fine-scale structural diversity,
which is characteristic of traditional rice landscapes (Benton
et al., 2021; He et al., 2023; Zhu et al., 2024). Granivores and
omnivores, which are typically opportunistic groups (Buelow
and Sheaves, 2015; Howe and Brown, 1999), responded posi-
tively to field width, consistent with their preference for open
habitats where grains and other accessible resources accu-
mulate (Katuwal et al., 2022). Similar responses have been
reported in Asian rice systems (e.g. Amano et al., 2008; Son
et al., 2024), and our results show that this field-scale mecha-
nism also applies to smallholder floodplain rice fields in West
Africa. Frugivores showed the strongest positive response to
field width, with wider rice fields, which are typically more
open, likely increasing the visibility and accessibility of fruit-
ing trees within or adjacent to fields (Tscharntke et al., 2008).

Taken together, these results reveal a complementary pat-
tern at the field scale: openness favoured granivorous and
omnivorous species, which tend to exploit predictable re-
sources in open fields (Buelow and Sheaves, 2015; Voudouri
et al., 2021). In contrast, scattered trees supported frugi-
vores and invertivores whose diets depend on more complex
and temporally variable trophic interactions, such as fruit-
ing events or arthropod dynamics (Daru et al., 2015; França
et al., 2020). This balance between open foraging areas and
woody elements likely contributes to maintaining functional
diversity within smallholder rice systems.

4.2 Influence of landscape structure on bird
communities

Landscape characteristics strongly influenced bird species
richness, with clear differences among trophic guilds and
spatial scales. The scale of response reflected how mobil-
ity and resource distribution shape species’ sensitivity to
habitat structure (Rolando, 2002). Frugivore richness was
primarily driven by landscape composition at broader spa-
tial scales (1600 m around rice fields), consistent with the
dispersed distribution of fruiting resources in tropical land-
scapes (Blendinger et al., 2015). Invertivores also showed
broad-scale responses, possibly because they are forced to
range widely to locate prey with naturally dynamic and not
reliable distributions (França et al., 2020). Omnivores, which
rely on a wide variety of patchily distributed resources, also
responded to landscape attributes at broader scales, in line
with their flexible habitat use in heterogeneous mosaics (Ha-
bel et al., 2019).

More fragmented landscapes supported fewer bird species,
suggesting that increased fragmentation may constrain
movement and access to complementary habitats. Inverti-
vores, in particular, are known to be sensitive to habitat frag-
mentation and often rely on movement across connected ar-
eas to track ephemeral prey (Otieno and Mukasi, 2023). Em-
pirical evidence further shows that smaller or more isolated
habitat patches tend to support individuals in poorer condi-
tions or younger cohorts, suggesting that high-quality ter-
ritories are concentrated in more continuous habitat (Cod-
dington et al., 2023; Luther et al., 2024). Although con-
nectivity generally promotes species richness by facilitating
movement and access to complementary resources (Cush-
man et al., 2013), some groups, such as granivores and fru-
givores, may be less dependent on landscape corridors when
local resources (e.g. spilled grains, fruiting trees) are abun-
dant (Estrada et al., 1993; van Osta et al., 2024). This sug-
gests that, in relatively permeable smallholder landscapes,
local resource availability can outweigh spatial continuity for
certain trophic guilds.

Landscape diversity had a negative effect on bird rich-
ness. Although high landscape diversity is often considered
beneficial because it reflects habitat variety (Matuoka et al.,
2020), in this region, higher diversity values may be associ-
ated with mosaics shaped by human land-use practices, such
as settlement expansion, selective tree removal, and shift-
ing cultivation. In such contexts, increases in compositional
heterogeneity can coincide with structural fragmentation and
reduced habitat continuity, potentially contributing to lower
bird richness.

Edge habitats positively influenced bird richness in rice
fields at both the community and dietary group levels. Eco-
tones offer abundant foraging opportunities and increase
structural diversity, attracting species from multiple guilds
(Berry, 2001). Rice fields adjacent to complex landscape
patches likely possess more irregular boundaries, increas-
ing habitat interface length and facilitating the spillover of
birds and resources across habitats (Berry, 2001). However,
the ecological benefits of edges in bird richness are context
dependent, and positive responses likely arise from edges ad-
joining semi-natural vegetation rather than from edges bor-
dering highly modified or built-up areas (Karimnejad et al.,
2024).

Our results extend previous evidence on the role of land-
scape configuration in shaping bird richness in agricul-
tural mosaics (e.g. Amano et al., 2008; Cabral et al., 2021;
Hološková et al., 2025; Priyadarshana et al., 2024; Stafford
et al., 2010). They reveal that trophic guilds differ markedly
in their scale of response and in the landscape attributes most
relevant to them, highlighting how differences in functional
groups and mobility constraints mediate biodiversity pat-
terns in smallholder West African rice farming landscapes.
This underscores the need for managing the landscape ma-
trix to support bird diversity. In traditional smallholder sys-
tems, sustaining bird communities depends on preserving di-
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verse yet connected habitat networks rather than relying ex-
clusively on field-level management interventions in isola-
tion from the broader landscape context.

4.3 Relative importance of field and landscape traits

When field- and landscape-scale characteristics were con-
sidered together, bird richness showed stronger associations
with landscape-scale gradients than with field-scale charac-
teristics, both overall and within trophic guilds. This pat-
tern suggests that, in smallholder low-intensity systems, lo-
cal management operates within constraints imposed by the
broader landscape configuration, which can influence species
availability and movement.

Bird richness declined in landscapes characterized by
greater habitat diversity, higher fragmentation, and more reg-
ular patch shapes. Although these results contrast with find-
ings from other regions (e.g. Hovick et al., 2015; Lee et al.,
2024; Leyequién et al., 2010), they are consistent with land-
scape patterns in the study region, where higher landscape
diversity values may reflect human-modified mosaics. In
such contexts, increases in compositional diversity can co-
incide with fragmentation and reduced habitat continuity,
potentially contributing to lower bird richness. Moreover,
landscape heterogeneity is not universally beneficial (King
et al., 2010), as some open-country species depend on exten-
sive, continuous habitats. Additionally, proximity to certain
patches, such as forest remnants, may impose higher preda-
tion risk due to increased densities of avian and mammalian
predators (Renfrew et al., 2005).

Field openness did not affect overall or granivore rich-
ness. Although trees are important for frugivores, frugivore
richness was higher in more open fields. Part of this pattern
may reflect a slight detectability bias, as all bird groups are
generally easier to observe in open habitats (Sólymos et al.,
2018), but frugivores may also take advantage of the greater
visibility and accessibility of fruiting trees located within or
adjacent to more open fields (Tscharntke et al., 2008). In-
vertivores showed a small positive response to field open-
ness, suggesting that they can exploit resources in open ar-
eas despite their reliance on trees and shrubs (Castaño-Villa
et al., 2014; Khamcha et al., 2018). Rice fields often con-
tain high densities of exposed invertebrates after ploughing,
providing short-term foraging opportunities that may benefit
invertivores (Katuwal et al., 2022).

The stronger influence of landscape-scale features over
field-level characteristics on bird species richness aligns with
evidence from other tropical agricultural systems, where
landscape context, particularly the amount and configuration
of surrounding vegetation, is a key determinant of avian di-
versity in farmland habitats (Jarrett et al., 2021). Birds are
highly mobile organisms that exploit resources across broad
spatial extents, and local habitats such as individual rice
fields likely represent only a fraction of the area used by most

species; the surrounding landscape thus shapes the regional
species pool from which local communities are assembled.

The positive response of granivores to landscape structure
was unexpected, given that this guild is generally considered
more tolerant of habitat disturbance and less dependent on
landscape complexity than frugivores or invertivores (Breg-
man et al., 2016; Jarrett et al., 2021). However, the rice agroe-
cosystem studied here reflects a long-established, heteroge-
neous agricultural mosaic rather than a forest-to-agriculture
conversion gradient. In this context, granivores may rely on
landscape mosaics to access complementary seed resources,
rendering their richness sensitive to landscape features. No-
tably, granivores responded at a finer spatial scale (800 m)
than frugivores and invertivores (1600 m), suggesting that
while all guilds are influenced by landscape structure, grani-
vores integrate resources over shorter distances, consistent
with their generally lower habitat specialization.

4.4 Limitations and future work

Some methodological constraints should be considered when
interpreting our findings. Bird surveys conducted in open
environments such as wider rice fields may be subject to
detection biases, as visually conspicuous species may be
recorded more readily than canopy-associated ones in tree-
covered plots. Nevertheless, the use of Bayesian species rich-
ness estimators, which explicitly account for imperfect de-
tection, likely reduced this bias. The study was based on
nine transects, which limits spatial replication and statistical
power. However, repeated sampling across two rice-growing
cycles, combined with the inclusion of a temporal random
effect, provided sufficient observations to detect consistent
associations between bird richness and environmental pre-
dictors. Environmental variables were derived from remotely
sensed imagery, which provides a consistent and spatially ex-
plicit characterization of field- and landscape-scale structure
but may overlook fine-scale habitat features (e.g. vegetation
structure along bunds) that could influence bird richness. In-
corporating ground-based habitat measurements would help
to refine these relationships in future studies.

The assignment of species to trophic guilds represents
a simplification. Many birds exhibit flexible feeding be-
haviours, and their classification into discrete guilds may ob-
scure finer ecological responses to habitat gradients.

Future studies should explore additional field character-
istics, such as field area, water depth, permanence, and the
extent of uncultivated parcels, to clarify their combined in-
fluence on bird species richness. Examining these variables
jointly would be particularly informative, although it would
require increasing the number of surveyed rice fields to en-
sure sufficient statistical power. Further work could also test
whether the relative influence of landscape and field charac-
teristics varies across years or under climatic extremes. In un-
usually dry or wet years, field-scale characteristics may be-
come more influential, as local microhabitat conditions may
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be critical for bird persistence (King et al., 2010). Long-term
monitoring would help to clarify how inter-annual climatic
variation mediates the balance between local and landscape
drivers of bird species richness. Because species richness
gives equal weight to all species, incorporating abundance-
weighted diversity metrics (e.g. Hill numbers with q > 0)
would provide complementary insights into the community
structure and dominance patterns.

4.5 Conclusions and management implications

Our results show that bird species richness in smallholder
rice fields is more strongly associated with the configuration
of the surrounding landscape than with field-scale character-
istics, highlighting the importance of considering rice fields
as components of broader agricultural mosaics. In this con-
text, landscape configuration influences how birds access re-
sources distributed across space and shapes the communities
that can persist locally. Differences among trophic guilds fur-
ther indicate that functional characteristics mediate sensitiv-
ity to spatial scale and habitat structure, reinforcing the value
of functional approaches for understanding biodiversity pat-
terns in agroecosystems.

Although agri-environmental schemes and governmental
policies remain limited in developing countries due to fi-
nancial constraints (Wright et al., 2012), our findings sug-
gest that integrative land-use planning can play an impor-
tant role in reconciling food production with biodiversity
conservation. In agricultural mosaics, conservation strate-
gies are likely to benefit from landscape-level approaches
that limit excessive habitat fragmentation while maintaining
edge complexity, thereby supporting a connected matrix ca-
pable of sustaining diverse bird communities (Berry, 2001;
He et al., 2023). Local management actions can complement
these broader measures. Retaining and planting scattered
trees and shrubs within rice fields enhances habitat quality
for invertivores, which contribute pest control services that
may reduce reliance on chemical inputs (Díaz-Siefer et al.,
2022).

More broadly, this study highlights the need to interpret
commonly used heterogeneity metrics in light of their spa-
tial configuration and ecological context, rather than assum-
ing uniformly positive effects. By linking multi-scale drivers
of bird richness with diet-based functional groupings, our
results contribute to a more nuanced understanding of how
landscape structure shapes biodiversity in smallholder agri-
cultural systems, with implications for both ecological re-
search and agroecological management in tropical regions.
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