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Abstract

Large herbivores directly and indirectly influence ecosystem function, positively and negatively affecting diversity of plants
and animals, including birds. Such cascading effects are clearly important, particularly given ongoing global declines in large
herbivores and many avian communities. We examined relationships between bird diversity (species richness and Shannon-
Weiner Index, at a species and functional group level) at three similarly vegetated and flooded sites in northern Botswana. We
explored the role that herbivore presence plays in ecosystem functioning considering bird species richness was significantly
higher at the site of intermediate presence, followed by the high presence site. At a functional group level, the site of highest
presence consistently had the greatest functional group richness. Also, at a functional group level we identified higher spe-
cies richness and diversity in the two sites where herbivores were present at high levels. This was particularly pronounced
for the avian aquatic carnivore, terrestrial herbivore, and aerial invertivore functional groupings. Large herbivores probably
increased habitat complexity through their browsing and grazing, altering habitat structure, alongside other benefits such as
faeces deposition and mutualistic relationships, creating more niches for avian communities. Fencing out large herbivores
to reduce their grazing and browsing may therefore reduce bird diversity, and correspondingly, allowing large herbivores to
increase in abundance through protected areas may indirectly increase bird diversity, acknowledging over abundance may
be detrimental.

Keywords Africa - Avian - Management - Protected area - Biodiversity - Species loss - Elephant - Chobe - Botswana -
Disturbance

Zusammenfassung

Quantifizierung von Vogelarten an drei Standorten mit unterschiedlicher Pflanzenfresser-Prisenz

GroBe Pflanzenfresser beeinflussen die Funktion von Okosystemen direkt und indirekt durch ihre positiven und negativen
Auswirkungen auf die vorkommenden Pflanzen und Tiere. Solche Kaskadeneffekte sind ohne Frage wichtig, besonders in
Hinblick auf den derzeitigen globalen Riickgang der gro3en Pflanzenfresser und vieler Vogelpopulationen. Wir untersuchten
den Zusammenhang zwischen Vogelvielfalt (Artenreichtum und Shannon-Weiner-Index auf Art-Ebene und der Ebene
funktionaler Gruppen) an drei dhnlich bewachsenen und iiberfluteten Standorten im Norden Botswanas. Wir betrachteten
die Rolle der Prisenz von Pflanzenfressern fiir das Funktionieren des Okosystems, wobei der Artenreichtum der Vogel an
Stellen mit mittlerer Pflanzenfresser-Prisenz signifikant hoher war, gefolgt von Stellen mit hoher Prdsenz. Auf der Ebene
funktionaler Gruppen zeigte der Standort mit hochster Prisenz den grofiten Reichtum an solchen Gruppen. Ebenso auf der
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funktionalen Ebene fanden wir eine hohere Artenvielfalt an den beiden Standorten, an denen Pflanzenfresser in hohem Maf3
anwesend waren. Besonders ausgeprigt war dies fiir die carnivoren Wasservogel, die terrestrischen Pflanzenfresser und die
funktionalen Gruppen der Fluginsektenfresser. Wahrscheinlich vergroern grole Pflanzenfresser durch ihr Herumwandern
und Grasen den Komplexititsgrad des Habitats. Sie veridndern die Habitatstruktur, bieten Vorteile durch Kotablagerungen
und ihre mutualistischen Interaktionen und schaffen mehr 6kologische Nischen fiir die Vogel. Die grolen Pflanzenfresser
durch Zaune auszusperren, um ihr Herumwandern und Grasen zu verringern, konnte auch die Vogelvielfalt reduzieren.
Dementsprechend konnte es die Artenvielfalt erhohen, lieBe man mehr grole Pflanzenfresser in Schutzgebieten zu, wobei

zu viele von ihnen natiirlich auch von Schaden sein konnten.

Introduction

Given the current global loss of large herbivores (Ripple et al.
2015), understanding their functional role in ecosystems is
critical to tracking long-term ecosystem change and develop-
ing effective management strategies. Large herbivores (body
mass > 100 kg) consume and alter vegetation, sometimes
not only increasing (Rutina et al. 2005; Kerley and Landman
2006; Landman and Kerley 2014; Ripple et al. 2015), but also
reducing vegetation available to other animals (Landman et al.
2013). They also disperse seeds (Blake et al. 2009), deposit
nutrient-rich urine and faeces (van der Waal et al. 2011), and
decrease predator numbers (Tambling et al. 2013) whilst also
providing predators with a food source when they die (Loarie
et al. 2013; Clements et al. 2014). Such alterations can cause
cascading effects through ecosystems (Owen-Smith 1992),
with complex and wide-ranging ramifications.

In particular, the presence of large herbivores can affect
bird community diversity (Ogada et al. 2008; Gregory and
van Strien 2010). In Kenya, for example, elephants Loxo-
donta africana thinned the understory through browsing,
which consequently decreased akalat abundance (insec-
tivorous tree dwelling birds Sheppardia sp.)(Banks et al.
2010). Further, high densities of elephants and giraffe
Giraffa camelopardalis decreased the diversity of graniv-
orous and insectivorous birds, and when large herbivores
were excluded, bird diversity increased by 30% (Ogada
et al. 2008). Large herbivores can have significant impacts
on areas near rivers when congregating during migration,
particularly in the dry season (Dipotso and Skarpe 2006;
Rutina and Moe 2014) as seen in the Okavango Delta where
high elephant numbers disrupted and reduced the size of
waterbird colonies (Muller 2013). Waterbird breeding colo-
nies are particularly vulnerable because they usually nest
close to water, given their breeding cycles are closely tied
to flooding regimes (Kingsford and Auld 2005; Desgranges
et al. 2006; Arthur et al. 2012; Bino et al. 2014).

Large herbivore effects on ecosystems and human com-
munities are sometimes mitigated by fence exclusion (Hay-
ward and Kerley 2009) and the culling of animals (Gordon
et al. 2004). Contrastingly, protected areas can increase large
herbivore densities, albeit varying in success (Craigie et al.
2010), with inevitable restrictions on migration and dispersal
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(Cushman et al. 2010; Naidoo et al. 2012). In Botswana,
about 20-30% of the land is considered as protected areas
(Index Mundi 2019) and it has possibly the highest density
of large herbivores in Africa, including a third of Africa’s
remaining elephants (Chase et al. 2016; Schlossberg et al.
2019) and high densities of buffalo Syncerus caffer (Alex-
ander et al. 2012). Given the country’s rich avifauna includ-
ing nearly 600 bird species (Hancock and Weiersbye 2015),
understanding how large herbivores affect avian populations
is important, particularly along rivers where large herbi-
vore pressures can be highest (Smit et al. 2007; Ogutu et al.
2014).

We investigated bird diversity in three equally sized
survey sites with similar vegetation types, coverage, and
flooding regimes, equidistant to the Chobe River in north-
ern Botswana. Importantly, these three sites had a known
differential level of herbivore presence. We relate herbivore
presence to the amount of possible environmental distur-
bance, which we define as processes that temporally disrupt
ecosystems, communities or population structures, chang-
ing resource availability (Connell 1978). Generally, despite
site similarities, we predicted to see differences in species
richness and diversity, with both highest at the site with
intermediate presence (and therefore disturbance), because
intermediate levels of disturbance provide niches for spe-
cies who prefer minimal and maximum disturbance (Connell
1978; Wilkinson 1999). We predicted waterbird diversity
would decrease over time, with decreasing proportions of
sites flooded, given their dependence on aquatic habitats. We
also predicted that arboreal species would be lowest in diver-
sity at the site with the highest herbivore presence, due to
the role of large herbivores in altering canopy cover (Ogada
et al. 2008). Finally, bird species in symbiotic relationships
with herbivores were predicted to be most diverse in the
site of high herbivore presence, due to the direct reliance
of these species on large herbivores for food (Ndlovu and
Combrink 2015).
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Materials and methods
Study sites

We surveyed avian communities in three equally sized sites
(1000 m x 500 m, separated by at least 500 m, Fig. 1), cho-
sen for their similarities in vegetation types, coverage, and
flooding regimes. Sites were located on seasonally inun-
dated floodplain equidistant from the Chobe River. These
sites differed in levels of large herbivore presence, includ-
ing elephant, buffalo, giraffe, hippopotamus Hippopotamus
amphibius, zebra Equus quagga and greater kudu Trage-
laphus strepsiceros (Chase 2011; Chase et al. 2015, 2018)
(Online Appendix S1). The “Fenced” site was enclosed in
September 2017, and experienced low levels of large herbi-
vore presence, with only the occasional herbivore bypassing
the fences giving it a large herbivore density of roughly O.
The “Unfenced” site was an unprotected site experiencing
intermediate herbivore density of 2.2—4.3 herbivores km™2,
and the “National Park” site had the highest herbivore pres-
ence with a density of 5.0-8.8 herbivores km™2. Herbivore
density measures were calculated from 2010, 2014 and
2018 aerial survey data covering our intermediate site (in
the Kasane Forest Reserve survey stratum) and our high
presence site (covered within the Chobe River survey stra-
tum) (Online Appendix S1) (Chase 2011; Chase et al. 2015,
2018).

Fig. 1 Satellite images
(Copernicus Sentinel 2018) of
our three study sites Fenced
(middle), Unfenced (right)

and National Park (left, in
Chobe National Park), along
the Chobe River (north eastern
Botswana, red dot), where we
surveyed bird diversity, using
transect counts, every week for
10 weeks, 19 June 2018-22
August 2018 (colour figure
online)

Bird surveys

Within each site, we surveyed birds 10 times (weekly over
10 weeks) (Robbins et al. 1989; Hostetler and Knowles-
Yanez 2003), 19 June 2018-22 August 2018, within a 1 km
long transect, 30-50 m parallel to the river’s edge (Fig. 1).
Surveys were within 2 h of sunrise over 35-45 min for each
transect, with the day of the week randomised; we did not
survey in inclement weather. Observations were from within
the vehicle (<5 km h™!), due to the presence of dangerous
animals, using the double observer method (Nichols et al.
2000), where one observer stood through the sunroof, allow-
ing for a wide field of vision, and the second acted as driver
and recorder, identifying and counting all birds seen and/or
heard up to 50 m on each side of the transect. Birds observed
as fly-overs were excluded from analyses (Hostler and Mar-
tin 2006). Bird nomenclature followed the International
Ornithological Congress World Bird List (Gill and Donsker
2019), with functional/dietary guilds following Sundstrom
et al. (2012) (Online Appendix S2).

Environmental variables
To track effects of receding flood levels and test for differ-
ences in the normalised difference vegetation index (NDVI)

amongst sites, we used Google Earth Engine (Gorelick et al.
2017) and images from the Sentinel-2 satellite (Copernicus
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Sentinel data 2018). We used the threshold function (Wolski
et al. 2017) to calculate percent inundation, filling data gaps
with Landsat-8 images (Inman and Lyons 2020) where Sen-
tinel images were of low quality, or did not exist for survey
dates (often due to cloud cover, < 10% of data).

The sites (Fenced, Unfenced and Chobe National Park)
had similar dominant vegetation types, including Woolly
Caper Bush Capparis tomentosa, Large Fever-berry Cro-
ton Croton megalobotrys, Blackthorn Acacia Senegalia
mellifera and Wild Sage Pechuel-loeschea leubnitziae,
all seasonally inundated by the Chobe River (peak flows
in April-May). To explore further potential differences
in vegetation amongst sites, we extracted NDVI values at
10 m resolution pixels, across sites for images available in
September 2018, coinciding with our surveys. NDVI values
were classified; values approaching < 0.1 water or barren
areas (free of vegetation), and values > 0.1 grass, shrubland
or forest (Sentinel Hub 2018). These groups were separated
into relative percent coverage by summing the shrub/grass-
land and forest values, divided by the total pixel number in
the images. Vegetation indices were similar during 2018 sur-
veys, with sites dominated by shrubs and grasses across the
three sites: the Fenced was 51.21% vegetated (+0.13), with
2.40% forest; Unfenced was 46.70% vegetated (+0.50), with
4.12% classified as forest and finally; Chobe National Park
was 50.56% vegetated (+0.24), with 1.33% forest. Given the
limited differences in vegetation across the three sites, NDVI
was not used in the herbivore presence or flood modelling.

We also collected data on three environmental variables
during each survey: wind speed, temperature and cloud
cover. Plots of environmental variables against avian spe-
cies richness and diversity highlighted potential relation-
ships with cloud cover and wind speed (Online Appendix
S3). However, only wind speed was important in explain-
ing avian species richness and diversity and was included
in subsequent modelling, based on the Akaike Information
Criterion of the models.

Statistical analyses

We first investigated differences in broad biodiversity met-
rics for the avian community (i.e., species richness and Shan-
non—Wiener Diversity Index, referred hereafter as ‘diver-
sity’) amongst sites (Magurran 2013; Morris et al. 2014).
We then analysed community-level differences amongst
sites, using non-metric multidimensional scaling (NMDS),
with Bray—Curtis similarity of abundance-weighted matri-
ces. Data were square-root transformed and standardised,
according to the Wisconsin double standardisation method
to satisfy assumptions of normality and homogeneity of
variance (Oksanen et al. 2013). We then tested for statistical
differences in community structure amongst sites using an
analysis of similarities (ANOSIM), followed by a similarity
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percentages procedure (SIMPER) to investigate which
species contributed most to differentiation amongst sites.
We used the ‘adonis’ and ‘simper’ functions for analyses,
respectively, from the vegan package (Oksanen et al. 2013).

We investigated species-level metrics, with species rich-
ness and the Shannon—Wiener Index, as the response vari-
ables, using generalised least square models, specifically
the ‘gls’ function from the nlme package (Pinheiro et al.
2014). We included temporal autocorrelation in the mod-
elling (week of survey), given likely non-independence of
surveys over time; exploratory data analysis revealed some
seasonal changes in the bird diversity over our survey period.
Wind speed was also included in the models as a covariate.
The parametric predictors were changes in percent inunda-
tion and site.

Each bird species was then allocated to a functional
group, reflecting a combination of dietary and foraging strat-
egies (Online Appendix S2). Dietary information was taken
from Roberts bird guide (Chittenden et al. 2007) and avail-
able advice (Francey 2018). To explore community differ-
ences at a functional group level (Sundstrom et al. 2012), we
first tested for differences in the number of functional bird
groups amongst sites. We then tested for differences in spe-
cies richness and Shannon—Wiener Index, within each func-
tional group amongst sites, using generalised least square
models with temporal autocorrelation, with percent inunda-
tion and site as predictor variables. An individual model was
also run for within each functional bird group over time, to
test for changes in the species richness and Shannon—Wie-
ner diversity of that functional group, in relation to percent
inundation and site. The terrestrial carnivores bird functional
group was removed from the Shannon—Wiener Index model-
ling, given White-browed Coucal was the only species.

All analyses were done in the R computing environment
(R Core Team 2014), relying on the tidy verse workflow
(Wickham 2017) and ggplot2 package (Wickham 2016).
Significance of statistical tests was concluded at @ <0.05.

Results

A total of 128 bird species were identified across the three
sites (Online Appendix S2), with the highest total species
richness in Unfenced (intermediate presence, 96), fol-
lowed by the National Park (high presence, 78) and Fenced
(low presence, 71) (Online Appendix S4). Average spe-
cies richness differed significantly amongst sites (P =0.02,
F,s=4.91, Table 1), highest in Unfenced (33.80 +6.32), fol-
lowed by National Park (29.05 +4.78) and finally Fenced
(23.20+3.93). Total Shannon—Wiener diversity did not dif-
fer significantly amongst sites (P =0.07, F,,=2.99, Table 1,
Online Appendix S4).



Journal of Ornithology

Table 1 Summary of the species’ richness (total and weekly), and
Shannon—Wiener diversity for the avian community at each of three
sites in northern Botswana (mean=+SD), surveyed weekly (19 June

2018-22 August 2018) and varying in large herbivore presence (low,
intermediate and high)

Site Total species richness Weekly species richness Total Shannon—-Wiener Weekly Shan-
Index non—Wiener
Index
Fenced (low) 71 23.20 (+=3.93) 3.02 2.36 (£0.25)
Unfenced (intermediate) 96 33.80 (£6.32) 2.59 2.18 (£0.25)
National Park (high) 78 29.05 (+4.78) 2.58 2.07 (+0.25)

3D Stress: 0.14

NMDS2

NMDS1

Fig.2 Non-metric multidimensional plot showing separation of avian
communities amongst three sites in Botswana varying in large her-
bivore presence, Fenced (low presence, triangles), Unfenced (inter-
mediate presence, squares) and National Park (high presence, circles)
(see Fig. 1), where each point represents a unique weekly survey
(N =10 for each location, 19 June 2018-22 August 2018)

There was a significant difference in avian community
composition amongst the three sites, varying in large herbi-
vore presence, with relatively little overlap in the non-metric
dimensional plot (P=0.001, F,;=7.2, Fig. 2). There was a
74% difference between the National Park and the Fenced,
the sites with high and low herbivore presence; a 69% dif-
ference between Unfenced and Fenced (intermediate and
low presence) and; a 51% difference between the National
Park and Unfenced (high and intermediate). Differences
amongst sites were mostly explained by variation in the
presence and abundance of Ring-necked Doves, accounting
for 27-29% of community differences between the low large
herbivore presence site Fenced (where they were consider-
ably less abundant) and the two other sites (Unfenced, and
National Park). Crowned Lapwings and Red-billed Quelea
also explained community-level differences amongst sites
(Online Appendix S5), most often observed in sites with
herbivore presence.

In total 15 avian functional groups occurred, and whilst
each site had 14 avian functional groups, the weekly num-
ber differed significantly amongst sites (F,,=3.47, P=0.04,

Online Appendix S4); the National Park regularly had the
highest number of functional groups, followed by Unfenced
and then Fenced (high, intermediate and then low). Within
avian functional groups, avian species’ richness differed sig-
nificantly amongst sites in 11 out of the 15 avian functional
groups (Fig. 3a). 73% of functional groups were significantly
richer in the National Park with aquatic carnivores the richest
group (Fy=2.13, P=0.04). Of those that were significantly
different in Fenced, 3 out of the 4 groups were significantly
less rich (Table 2). The only functional group richest at Fenced
was the aerial carnivores (F,=2.25, P=0.03). Average spe-
cies’ richness over the 10 weeks was highest in aquatic carni-
vores and terrestrial herbivores (5.9 species per group).

Also, the Shannon—Wiener Index differed within func-
tional groups amongst sites for seven avian functional groups
(Fig. 3b). Six of 14 functional avian groups were most diverse
in the National Park or Unfenced (Table 2). For the one group
showing a significant difference in Fenced, it was significantly
lower in diversity. National Park was the only site with terres-
trial carrion feeders (vultures, Online Appendix S2). The most
diverse functional groups were the aquatic carnivores (1.46)
and arboreal omnivores (1.25).

At Fenced, the functional groups with the highest species’
richness and the most diverse were the aquatic carnivores (5,
0.90) and terrestrial herbivores (4.6, 0.91). At Unfenced, the
most species’ rich group was the terrestrial herbivores (5.9),
followed by the arboreal omnivores (4.8). At National Park,
the functional groups with the highest species’ richness were
the aquatic carnivores (5.9) followed by the terrestrial herbi-
vores (4.8).

Flooding responses

At a species level, neither bird species’ richness nor the
Shannon—Wiener index differed significantly, with changes
in the proportion of each site flooded (F,,=2.6, P>0.05).
At a functional group level, three groups responded sig-
nificantly to flooding, when modelling for species’ rich-
ness; arboreal invertivores showed the strongest response
(F,;=4.T17, P<0.001, Fig. 4a), followed by terrestrial omni-
vores (F,;=2.08, P=0.05) and finally terrestrial carnivores
(Fy;=2.62, P=0.01), with species’ richness decreasing with
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Fig.3 Modelled estimates of avian functional groups amongst three
sites varying in large herbivore presence (fenced (low, mid grey trian-
gles), unfenced (intermediate, light grey squares) and National Park
(high, black circles) measured in species richness (a) and Shannon—
Wiener diversity Index (b) in northern Botswana, surveyed weekly

less relative area flooded. Diversity within two functional
groups decreased significantly with decreased percentage
of site flooded (Fig. 4b); terrestrial omnivores (F,,=2.31,
P=0.03) and arboreal invertivores (F,;=5.28, P <0.001).

Discussion

There is increasing evidence that some animals are function-
ally important for ecosystems, directly or indirectly driv-
ing patterns of diversity and abundance (Sundstrom et al.
2012; Mouillot et al. 2013; Baker et al. 2016; Rolo et al.
2017). The sites of intermediate or high levels of herbivore
presence in our study in Botswana were consistently associ-
ated with higher avian richness and diversity at species and
functional group levels (Fig. 3). This is supported by other
evidence that large African herbivores are functional drivers
of ecosystems (Ogada et al. 2008; Banks et al. 2010), includ-
ing within Botswana (Herremans 1995).

The higher diversity and richness of 11 avian functional
groups at sites with medium or high levels of herbivore pres-
ence were likely due to a mix of direct effects and indirect
benefits provided by large herbivores. These include varia-
tion in vegetation condition, structure, dispersal and germi-
nation (Herremans 1995; Campos-Arceiz and Blake 2011;
Baker et al. 2016), faeces and urine deposition (van der
Waal et al. 2011), and the creation of opportunities for other
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(19 June 2018-22 August 2018). Statistically significant and insig-
nificant differences marked respectively by large and small symbols,
with lines showing the confidence intervals. Symbols <0 and >0 on
the x-axis respectively represent negative and positive differences
amongst sites

species including frogs (Nasseri et al. 2011), small herbivo-
rous mammals (Valeix et al. 2011) and birds (Banks et al.
2010), increasing food availability for the avian community.

Avian aquatic carnivores, parasitic carnivores, and ter-
restrial carrion functional groups likely directly benefitted
(Fig. 3, Online Appendix S2). The Red and Yellow-billed
Oxpeckers, which feed mutualistically on parasites of large
herbivores (Ndlovu and Combrink 2015), occurred where
there was high herbivore presence. Also, the carrion feed-
ers (e.g., White-backed Vultures) only occurred where
there was high herbivore presence, reflecting a common
pattern in Africa, where populations are generally higher
in protected areas than outside, given the presence of large
herbivores and the relative availability of carcasses (Rush-
worth et al. 2007; Murn et al. 2013). Further, large herbi-
vores leave abundant seeds in their dung for avian terrestrial
herbivores, such as spurfowl and francolins (Maclean et al.
2011), which may also explain the high abundance of Ring-
necked Doves (Campos-Arceiz and Blake 2011; Maclean
et al. 2011). Finally, avian aerial invertivores probably also
directly benefitted from large herbivores which attracted
insects, providing an abundant food supply (Mgller 1983;
Pryke et al. 2016).

There were likely a range of indirect benefits from
large herbivore presence, related to vegetation, and we
would expect to see differences between sites increase the
longer large herbivores are excluded from Fenced. Large
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Table2 Summary of modelled estimates for significant positive and negative responses by avian functional groups for avian species’ richness
and the Shannon—Wiener Diversity index at three sites varying in large herbivore presence (low, intermediate and high)

Site Response Functional group? Estimate Standard error F statistic P value
Fenced (low) Diversity Aerial invertivore —-0.77 0.26 —2098 0.01
Richness Aerial carnivore 0.51 0.23 2.25 0.03
Aerial invertivore —2.96 0.63 —4.67 < 0.001
Arboreal invertivore —-0.82 0.29 —-2.79 0.01
Terrestrial carrion - 041 0.14 —2.88 0.01
Unfenced (intermediate) Diversity Arboreal carnivore 0.45 0.21 2.12 0.04
Arboreal herbivore 0.60 0.28 2.13 0.04
Arboreal invertivore 0.87 0.24 3.58 0.001
Terrestrial invertivore 1.30 0.33 393 < 0.001
Richness Aquatic herbivore - 1.60 0.63 —2.55 0.02
Arboreal invertivore 2.14 0.65 3.30 0.003
Arboreal omnivore 4.96 1.77 2.80 0.01
Terrestrial invertivore 3.09 1.29 2.40 0.02
National Park (high) Diversity Aerial invertivore 0.86 0.19 4.44 < 0.001
Aquatic carnivore 1.73 0.30 5.69 < 0.001
Arboreal carnivore 0.18 0.08 2.39 0.02
Arboreal invertivore 0.41 0.09 4.69 < 0.001
Terrestrial herbivore 0.48 0.17 2.84 0.01
Richness Aerial invertivore 3.60 0.49 7.42 < 0.001
Aquatic carnivore 7.37 3.46 2.13 0.04
Aquatic herbivore 1.10 0.31 3.54 0.001
Aquatic invertivore 1.95 0.62 3.14 0.004
Arboreal carnivore 1.30 0.20 6.44 < 0.001
Arboreal invertivore 1.77 0.23 7.56 < 0.001
Arboreal omnivore 2.93 0.83 3.54 0.001
Terrestrial carrion 0.41 0.11 3.70 0.001
Terrestrial herbivore 5.09 0.96 5.29 < 0.001
Terrestrial invertivore 2.36 0.59 4.03 < 0.001
Terrestrial omnivore 2.07 0.67 3.09 0.01

2See Online Appendix S2 for species included

herbivores create space in shrub communities, remove
grass biomass, and create open patches and areas of bare
ground (Onyeanusi 1989; Waldram et al. 2008; Kohi 2013),
which likely increased feeding opportunities for the terres-
trial invertivores, herbivores, and omnivores. This probably
favoured babblers (terrestrial omnivores, Online Appendix
S2) which forage in and around leaf litter, whilst the bare
ground patches probably favoured the foraging of waxbills
and finches in open areas (terrestrial herbivores, Online
Appendix S2) (Maclean et al. 2011). Crowned Lapwings,
another major driver of community differences (terrestrial
invertivores) also prefer open areas, where the grass is kept
short, for both foraging and breeding (Maclean et al. 2011).
Further, alteration of canopy heights and increased habitat
complexity caused by large herbivores (Kohi 2013) provide
habitat for a range of nesting birds, lizards and insects (Whit-
more et al. 2002; Tews et al. 2004), the prey for arboreal

carnivores, invertivores, omnivores and aerial invertivores
(such as the weavers, rollers, bee-eaters and martins, Online
Appendix S2). Aquatic species such as aquatic carnivores
and invertivores may benefit from the stirring of sediment
by herbivores disturbing fish, insects and freshwater mol-
luscs (Dinsmore 1973; Wolanski and Gereta 1999; Bakker
et al. 2016), assisting the foraging of African Spoonbills and
African Openbills (Maclean et al. 2011).

The effects of flooding were not reflected in changes in
aquatic functional groups as predicted (Fig. 4). Contrast-
ingly, the terrestrial carnivore, terrestrial omnivore and
arboreal invertivore groups increased in richness with more
flooded area, which could have reflected increased insect
populations or seed germination with the flood (Linhoss
et al. 2012; Mackay et al. 2012; Pricope 2013).

Our ‘high’ levels of herbivore presence were not likely
to exceed natural or historical densities (Chase et al. 2015,
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Fig.4 Modelled estimates of avian functional groups to changes in
flooding (percent inundation) measured in species’ richness (a) and
Shannon—Wiener diversity Index (b), across the three sites varying
presence of large herbivores (Fenced (low), Unfenced (intermediate)
and National Park (high)) in northern Botswana, surveyed weekly

2018; Schlossberg et al. 2019), and although the aerial sur-
vey data support the local knowledge of herbivore presence
at the three sites (Francey 2018), we recognise further work
should look to elaborate on these patterns with fine-scale
herbivore measurements. We acknowledge that we only
included three sites, one corresponding to the relative level
of presence, but highlight that we deliberately chose sites of
similar vegetation type and coverage to limit such inherent
differences affecting modelling. Nevertheless, other factors
may contribute to the differences in bird diversity at the three
sites, and future work should look to further replicate these
results across a greater number of sites and longer timeframe
to capture temporal and climatic change. Importantly, the
10-week time frame of this study is only a small insight
into the long-term functioning of these sites. One external
factor to be considered is human presence, which could also
have affected bird species’ richness and diversity. However,
considering the wealth of information describing the nega-
tive effects of human disturbance on bird diversity (Lepczyk
et al. 2008; Kang et al. 2015; Vollstadt et al. 2017), we think
it unlikely human presence (both on foot and in vehicles) is
the major driving factor controlling diversity at these three
sites as we would expect to see the opposite pattern; reduced
diversity in the site with the most traffic, the National Park.

Herbivores have been shown to play an important func-
tional role directly and indirectly altering biotic communities
(Waldram et al. 2008; Prugh and Brashares 2012; Parsons
et al. 2013; Howland et al. 2014). The high avian diversity in
the sites with high herbivore presence in our study probably
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(19 June 2018-22 August 2018). Statistically significant and insig-
nificant responses marked respectively by triangles and circles, with
lines showing confidence intervals. Symbols <0 and >0 on the x-axis
respectively represent negative and positive responses to inundation

reflected these dependencies. Declining large herbivore
populations through fencing exclusion, habitat loss and
degradation and illegal harvesting will likely detrimentally
affect species richness or diversity of different bird func-
tional groups. Therefore, future efforts in the conservation
of large herbivores and their designated protected areas may
also directly contribute to the conservation of bird popula-
tions across Africa, particularly if we move away from a sin-
gle species approach, and implement connected ecosystem
management (Schultz et al. 2015).

Conclusions

Avian species richness was higher in sites with intermediate
to high presence of large herbivores, likely due to both the
direct effects of herbivores on birds (e.g., a food source to
carrion feeders, dung deposition) and indirect effects (altered
vegetation structure). Both species richness and diversity
were higher in the sites of intermediate to high herbivore
presence at a functional group level, particularly for the
avian aquatic carnivores, terrestrial herbivores and aerial
invertivores. Future conservation efforts should consider
the importance of the relationship between birds and large
herbivores, with herbivore protected areas therefore likely
also benefiting avian diversity.
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