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A B S T R A C T   

Assessing the ecological effectiveness of protected areas is a high priority in conservation biology and requires 
suitable indicators. Instead of using multiple species, single species can potentially be used as indicators to assess 
if conservation efforts are effective in maintaining species over time. Here, we assessed the suitability of ostrich 
(Struthio camelus massaicus) population densities and trends over time as indicators for the ecological effec-
tiveness of four study areas (two national parks, a pastoral area, and a game-controlled area with manifold 
human impacts) in the Tarangire-Manyara ecosystem of northern Tanzania. Based on road transect surveys from 
2011 to 2019, we estimated area- and season-specific population densities in a distance sampling framework and 
estimated temporal changes using generalized linear mixed models. Ostrich population densities and population 
trends over time were not associated with formal protection status. Ostriches in one national park occurred at 
highest densities and were constant over time, while densities were low in another national park and apparently 
declined over time. Ostriches in the pastoral area had the second-highest mean population density, while 
remaining constant over time. The study area with the highest human impact had lowest ostrich densities and a 
seemingly declining trend over time. Ostrich densities were positively correlated with time-matched population 
density estimates of nine out of ten ungulate species in the same study areas, suggesting that ostrich population 
densities broadly reflect those of large savanna mammals in this ecosystem. However, site-specific ostrich 
population trends over time were not closely correlated with trends of common large mammal species. Therefore, 
ostrich population densities appear as suitable management indicators to assess the broad ecological effective-
ness of protected areas. However, ostrich population trajectories do not appear suitable as indicator surrogate to 
monitor trends of mammal populations over time.   

1. Introduction 

Assessing the ecological effectiveness of different conservation ap-
proaches is a high priority in conservation biology (Sutherland et al., 
2009) and requires suitable ecological indicators (Hunter et al., 2016; 
Schmeller et al., 2018). Because ecological effectiveness is typically 
defined as maintaining ecologically effective densities of target species 
(Gaston et al., 2008; Soulé et al., 2003), monitoring and analyzing the 
population densities of target species over time is a key tool to assess the 
ecological performance of protected areas (Caro et al., 2013; Kiffner 
et al., 2017; Ogutu et al., 2017). At the spatial scale of a specific site or 
ecosystem, population densities and their temporal dynamics constitute 

vital data for wildlife managers and decision-makers and can provide a 
better understanding of how ecological and anthropogenic factors 
govern the population growth of specific wildlife populations (Caro 
et al., 2009; Caro, 1999; Kiffner et al., 2020a; Ogutu et al., 2017). If such 
studies are conducted over larger spatial scales, broader hypotheses 
underlying the observed wildlife population trends can be tested as well 
(Barnes et al., 2016; Craigie et al., 2010). 

Research on the ecological effectiveness of protected areas in East 
Africa generally postulates that fully protected areas such as national 
parks can support diverse wildlife assemblages, high species densities 
and are fairly effective in protecting wildlife populations and habitat 
over time (Riggio et al., 2019; Stoner et al., 2007; Western et al., 2009). 
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However, there is also evidence to suggest that fully protected areas are 
not completely effective in maintaining biodiversity and should not be 
exclusively relied upon as a conservation measure as they often do not 
support all necessary ecological processes within an ecosystem (Caro 
et al., 2009; Caro and Scholte, 2007; Caro, 1999; Fynn and Bonyongo, 
2011; Gardner et al., 2007; Ogutu et al., 2017; Ottichilo et al., 2000). 
Partially protected areas, such as community-based conservation 
models, can be effective at sustaining wildlife species at relatively high 
densities and have been suggested as an alternative conservation option, 
especially for areas critical for wildlife movement (Lee and Bond, 2018; 
Ogutu et al., 2017). 

However, because monitoring wildlife in many areas is not a key 
priority of management, it is often not fully understood how well those 
different conservation approaches work (Newmark and Hough, 2000). 
As funding for conservation is limited and focusing on single species 
monitoring may be less costly than multi-species assessments (Kessler 
et al., 2011), conservation managers often focus on individual species as 
indicators for species richness, to mirror population trends of other 
species, or to assess the magnitude of anthropogenic and environmental 
perturbations (Caro and O’Doherty, 1999; Hunter et al., 2016; Kiffner 
et al., 2015; Rodrigues and Brooks, 2007; Spellerberg, 2010). 

Bird species have been used as indicator species, especially for areas 
where biodiversity is poorly known, as surrogates for species that are 
rare and thus hard to detect in the field (Brooks et al., 2001; Githiru 
et al., 2007; Herremans, 1998; van Eeden et al., 2006) and as indicators 
for the ecological effectiveness of different land-use and conservation 
practices (Duckworth and Altwegg, 2018; Herremans, 1998; Hugo and 
Van Rensburg, 2008; Larsen et al., 2012; Siddig et al., 2016; van Eeden 
et al., 2006). As a large and distinct bird species, the Masai ostrich 
(Struthio camelus massaicus) fulfills many criteria (easily detectable; 
established natural history; widely distributed; strong habitat fidelity; 
high reproductive capacity) that possibly make the species a suitable 
indicator (Caro and O’Doherty, 1999) for assessing the ecological 
effectiveness of protected areas in African savannas. The ostrich is the 
largest extant bird, weighing between 63 and 145 kg and standing from 
2.1 to 2.8 m (Bertram, 1992; Cooper et al., 2010). They feed primarily on 
grasses but also browse, requiring 5–6 kg of fresh plant material per day 
(Milton et al., 1994), and mainly prefer open habitats and lightly 
wooded savannas, especially those with tall grasses (Cooper et al., 2010; 
Herremans, 1998; Van Der Walt et al., 1984). Ostriches breed during the 
dry season and have a complex communal nesting system (Bertram, 
1992). Their population dynamics are often positively correlated with 
rainfall, with populations showing higher recruitment in periods of the 
year with higher rainfall and in years with higher annual rainfall 
(Magige et al., 2009a, 2009b; Ogutu et al., 2017; Verlinden and Masogo, 
1997). While climate change (particularly changing precipitation pat-
terns) may impact their breeding habits, ostriches are presumed to be 
resilient to environmental changes as they have evolved in relatively 
harsh environments (Cooper et al., 2010; Ogutu et al., 2012a, 2012b; 
Ottichilo et al., 2000; Verlinden and Masogo, 1997). Ostriches (here 
referring to all its subspecies) were once widespread on the African 
continent, but the wild populations are now mostly restricted to areas in 
and around protected areas. While ostriches are classified as “Least 
Concern” under the IUCN Red List (BirdLifeInternational, 2018), their 
population trend is decreasing; this has been associated with habitat 
loss, habitat fragmentation, and illegal harvesting (Hofer et al., 1996; 
Kioko et al., 2015; Magige and Røskaft, 2017; Ogutu et al., 2016). Os-
trich population densities tend to be greater in protected areas and lower 
in partially and unprotected areas (Cooper et al., 2010; Herremans, 
1998; Kiffner et al., 2016a, 2016b; Ogutu et al., 2017, 2012a, 2012b). 
However, Magige et al. (2009a) found that population densities of os-
triches in the Serengeti National Park did not differ significantly from 
adjacent partially protected areas. In pastoral areas of the Mara- 
Serengeti ecosystem in southern Kenya and northern Tanzania, os-
triches seem to have constant populations (Ogutu et al., 2017), possibly 
because of appropriate foraging conditions due to manure fertilization 

from livestock and a human shield effect from predators, which are often 
suppressed in human dominated areas (Berger, 2007). 

Here, we present seasonal density estimates of ostriches in four 
protected areas of northern Tanzania (two national parks and two 
multiple use areas) from 2011 to 2019 and investigate the site-specific 
time-series for correlations with seasonality and rainfall. Based on 
these data and time-matched density estimates of ten common wildlife 
species (Kirk’s dik-dik Madoqua kirkii, Thomson’s gazelle Eudorcas 
thomsonii, impala Aepyceros melampus, Grant’s gazelle Nanger grantii, 
warthog Phacochoerus africanus, waterbuck Kobus ellipsiprymnus, blue 
wildebeest Connochaetes taurinus (hereafter referred to as wildebeest), 
plains zebra Equus quagga (hereafter referred to as zebra), Masai giraffe 
Giraffa tippelskirchi (hereafter referred to as giraffe), and elephant Lox-
odonta africana), we test the suitability of ostrich populations as in-
dicators for the ecological effectiveness of protected areas. To do this, we 
followed two different approaches. First, we assessed whether time- 
matched ostrich densities across the four protected areas were corre-
lated with corresponding densities of the ten mammal species. As this 
approach blends time and space, it tests if ostrich densities were corre-
lated with densities of the target species and thus indicates overall 
ecological effectiveness (thereby assessing if ostrich population densities 
can serve as a “management indicator”, Hunter et al., 2016). To further 
test if ostrich population densities reflect temporal dynamics of other 
species and thus could serve as “surrogate indicator” (Hunter et al., 
2016), we also investigated if annual site-specific ostrich densities were 
correlated with those of the selected wildlife species. 

Fig. 1. Map of the Tarangire-Manyara Ecosystem, showing the boundaries of 
the four study areas [Mto Wa Mbu Game Controlled Area (CA), Manyara Ranch 
(MR), Lake Manyara National Park (LMNP), and Tarangire National Park 
(TNP)] and the road transects used for this study. The star in the inset indicates 
the location of the study area in Tanzania. 
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2. Materials and methods 

2.1. Study area 

We conducted this study in the Tarangire-Manyara ecosystem (TME) 
of northern Tanzania from the end of 2011 to the end of 2019. The 
climate is characterized as semi-arid and seasons are defined by the 
timing of precipitation. Typically, the long rains are from February to 
April, the dry season lasts from May to October, and the short rains occur 
from November to December. Annual rainfall ranges between 415 and 
995 mm (Prins and Loth, 1988). Within the TME, we surveyed ostrich 
populations in four study areas that vary in size, habitat makeup, human 
utilization, and conservation legislation (Fig. 1). We considered two 
national parks (Lake Manyara and Tarangire National Park) and two 
multiple use areas (Manyara Ranch and Mto wa Mbu Game Controlled 
Area). However, our experimental set-up is not fully replicated because 
the two multiple use areas differ considerably in their conservation 
approach. 

Lake Manyara National Park (LMNP) is located in the northwestern 
part of the TME (Fig. 1) and we restricted our sampling to the 168 km2 

lowland areas of the park. The national park contains a mosaic of hab-
itats, ranging from groundwater-riverine forests, acacia woodlands, 
alkaline, and Cynodon grasslands, and swamps (Cohen et al., 1993). In 
Tarangire National Park (TNP) we restricted our survey to the northern 
section of the park. The park is dominated by savannas, with woodlands 
interspersed in between (Kiffner et al., 2016a). Both national parks are 
managed by Tanzania National Parks (TANAPA). Human activities other 
than photographic tourism and research are not allowed in the national 
parks. 

Manyara Ranch (MR), a multiple use area, is located northwest of 
TNP. MR covers 182 km2 of savanna habitat, is managed by the African 
Wildlife Foundation and aims to conserve wildlife and support the 
pastoralist lifestyle of two adjacent communities. The ranch owns 
around 800 cattle and 300 – 400 sheep; during the dry season, livestock 
from two adjacent communities graze in in designated areas of the ranch 
(Grzeda et al., 2017). The ranch is patrolled daily by rangers who 
enforce grazing restrictions and wildlife protection. 

The Mto wa Mbu Game Controlled Area (CA) is located northeast of 
Lake Manyara, in between LMNP and MR. It is managed by the Tanzania 
Wildlife Authority (TAWA) and multiple human activities take place in 
this area. Settlements, agriculture, and livestock grazing are widespread 
in many parts of the CA (Msoffe et al., 2011). In addition, this area ex-
periences high rates of illegal hunting and legal hunting of wildlife is 
permitted in the northern part (Kiffner et al., 2014). Both CA and MR are 
part of wildlife corridors that connect seasonal wildlife habitats and 
LMNP and TNP (Bond et al., 2017; Kiffner et al., 2016b). 

2.2. Field sampling methods 

We conducted line distance sampling surveys to assess the densities 
of ostriches (and larger mammals) in all four study areas (Kiffner et al., 
2020a). Distance sampling is a robust method to estimate densities of 
animals within a study area as it accounts for undetected animals within 
a covered region (Thomas et al., 2010). 

In each season and year from late 2011 to the end of 2019, we 
repeated the same transects to estimate seasonal animal densities 
(Kiffner et al., 2020a). Because off-road driving was not permitted in all 
areas, we placed transects along minor and major roads in the area and 
attempted to cover all accessible habitats in each study area (Fig. 1). Due 
to varying road conditions, the number of transects per survey varied 
(CA: 14–49; MR: 34–47; LMNP: 23–39; TNP: 31–52) but typically (with 
the exception of one survey in CA) exceeded the recommended number 
of 20 transects per area (Buckland et al., 2001). We are aware that the 
non-random placement of transects may bias density estimation. In MR, 
where off-road driving was permitted, we tested for such potential bias 
and found that density estimates of common herbivores derived from 

road transects did not differ significantly from those derived from sys-
tematically distributed transects (Kiffner et al., 2020b). 

Usually, we conducted long rain surveys in March and April, dry 
season surveys in July and August, and short rain surveys in October and 
November. Short rains counts therefore mainly refer to the very end of 
the dry season. In 2019, we conducted surveys in the long and short 
rains only. Transects were 2 km in length (occasionally shorter if road 
conditions did not allow further travel) and separated by 500 m to 
ensure independence between transects. We utilized between one and 
six vehicles per survey and between three to seven observers per vehicle 
to record animal sightings. We completed most surveys within a day to 
avoid chances of double counting and to ensure population closure. 

For each sighting, we recorded the perpendicular distance between 
transect and the initial position of the sighted animal group using 
Bushnell Elite 1500 laser rangefinders. We measured the perpendicular 
distance between the transect and a group of animals (defined as ani-
mals of one species within 50 m of each other) by aiming the range 
finder towards the center of the group (Buckland et al., 2001). 

2.3. Data analysis 

Using the software DISTANCE 6.0 (Thomas et al., 2010), we fitted 
detection functions to ostrich sightings for each study area to correct for 
variable visibility across the study areas. We only considered half- 
normal detection functions (HN) because they typically yield unbiased 
density estimates (Prieto Gonzalez et al., 2017). In addition, we only 
considered conventional distance sampling (CDS) models, since low 
sample sizes of the LMNP and CA study areas did not allow for mean-
ingful application of multiple covariate distance sampling (MCDS). To 
approximate the recommended sample size of > 60 detections (Buck-
land et al., 2001), we pooled all observations of one area and derived a 
global detection model for each area (assuming no temporal trend in 
detectability). In each study area, we truncated 10% of the furthest 
observations to allow for a better fit of the function (Buckland et al., 
2001). We assessed the visual and formal fit of the detection functions by 
plotting the detection function to the observed sighting frequency and 
by computing the chi-squared goodness of fit test of the detection model. 

To estimate season-specific ostrich densities, including their corre-
sponding 95% confidence intervals, we used the average group size 
option in the Distance program to extrapolate from cluster density to 
individual density. The estimated seasonal densities and confidence 
intervals (Appendix 1) were plotted using the gplots package in R 3.60 (R 
Core Team, 2016; Warnes et al., 2019). 

We fitted generalized linear mixed models (GLMM) with log-normal 
distribution (Thomas, 1996) for each area using the R package lme4 to 
assess temporal trends of ostrich densities (Bates et al., 2015). In these 
models and in line with Kiffner et al. (2020), we defined year as fixed 
effect and season as random effect. We defined season as random effect 
to correct for potential seasonal variation in population densities and to 
account for the temporal correlation of subsequent counts (Barnes et al., 
2016; Kiffner et al., 2020a). Prior to model fitting, we replaced density 
estimates that equaled ‘0′ with ‘0.01′ to allow for log-transformation. To 
test if precipitation was correlated with ostrich population dynamics, we 
correlated annual ostrich densities (computed as averages of seasonal 
density estimates within a calendar year) with the annual precipitation 
in each area (n = 9 years). Site-specific annual amount of precipitation 
was obtained for the most central 4x4 km cell of each study area using 
data gleaned from the Historical Climate – TerraClimate database (Abat-
zoglou et al., 2020). 

To test if ostrich populations can be used as indicator for ecological 
effectiveness of protected areas, we conducted two analyses. First, we 
correlated ostrich densities with time-matched densities of the following 
ten mammal species in this ecosystem: Kirk’s dik-dik, Thomson’s ga-
zelle, impala, Grant’s gazelle, warthog, waterbuck, wildebeest, zebra, 
giraffe, and elephant between the end of 2011 and the end of 2018 (22 
discrete surveys per study area). These species are relatively common in 
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most of the four protected areas and represent numerically important 
and functionally diverse species of the large mammal guild; large 
mammal density data were gleaned from Kiffner et al. (2020a). 

To further assess if ostrich population dynamics over time were 
associated with population trajectories of the selected large mammal 
species, we also tested for correlations between site-specific annual 
(averages of seasonal density estimates within a calendar year) ostrich 
and mammal densities (n = 8 years). We ran and illustrated correlation 
tests using the corrplot package (Wei and Simko, 2017). 

3. Results 

From 2011 to 2019, we detected a total of 402 ostrich sightings 
across the four study areas and obtained the recommended sample size 

(≥60 sightings) to model robust detection functions (Buckland et al., 
2001) for the TNP and MR study areas (Table 1). LMNP had 26 sightings 
and CA had 7 sightings (Table 1). However, densities were estimated for 
all study areas to allow for comparisons. For the CA study area, insuf-
ficient degrees of freedom prohibited running a chi-square test. Based on 
visual fit (Fig. 2) and the p-values of the chi-square goodness of fit tests, 
model fits were acceptable for MR, LMNP and TNP. The average esti-
mated strip width was ~ 250 m in CA, MR and TNP, yet substantially 
greater in LMNP (Table 1). 

3.1. Density estimates and population trends 

During the entire study period, average point estimates of ostriches 
were greatest in TNP (mean = 0.66 ind./km2, range of point estimates: 
0.00–2.21), followed by MR (0.45 ind./km2, 0.10–1.18), while densities 
in LMNP (0.05 ind./km2; 0.00–0.21) and CA (0.02 ind./km2; 0.00–0.15) 
were c. one order of magnitude lower (Fig. 3). 

Seasonal density estimates and associated 95% confidence intervals 
are shown in Fig. 4. In the two high density areas (MR and TNP), ostrich 
densities fluctuated considerably over time. However, generalized linear 
mixed models did not suggest significant linear trends over time since 
95% CI of regression coefficients overlapped with zero (thus indicating a 
constant population trend over time). In contrast, ostrich densities in the 
low density areas (LMNP and CA) apparently declined significantly over 
time (Table 2). We deliberately term this trend “apparent” as sample 
sizes in those two areas were small. Season did not affect ostrich den-
sities in TNP. In the CA and LMNP, ostrich densities were greatest during 
the short rain counts, followed by the long rain surveys and lowest 
during the dry season. In MR, ostrich densities were greatest during the 
long rains, intermediate during the short rains and lowest during the dry 
season (Table 2). 

From 2011 to 2019, ostrich densities (averages of surveys within a 
calendar year) were not significantly correlated with annual amount of 

Table 1 
Summary statistics of half-normal detection models used to estimate ostrich 
density in four study areas [Mto Wa Mbu Game Controlled Area (CA), Manyara 
Ranch (MR), Lake Manyara National Park (LMNP), and Tarangire National Park 
(TNP)] of the Tarangire-Manyara ecosystem, Tanzania. N is the number of ob-
servations, Pa denotes the detection probability, Pa 95% the associated 95% 
confidence intervals, and ESW is the estimated strip width of the transect (ESW) 
with ESW 95% CI describing the 95% confidence interval. Х2 GOF-P is the chi- 
square goodness-of-fit p-value to assess model fit.  

Study 
area 

N Pa Pa 95% CI ESW 
(m) 

ESW 95% CI X2 GOF- 
P 

CA 7  0.895 0.377–1.000  266.7 112.3 – 
633.2  

– 

MR 158  0.787 0.677–0.915  251.8 216.5 – 
292.9  

0.744 

LMNP 26  0.999 0.692–1.000  400.0 276.8 – 
577.8  

0.232 

TNP 211  0.691 0.613–0.778  245.8 226.1– 
287.2  

0.088  

Fig. 2. Detection functions of ostrich sightings based on data collected along road transects in four study areas [Mto Wa Mbu Game Controlled Area (CA), Manyara 
Ranch (MR), Lake Manyara National Park (LMNP), and Tarangire National Park (TNP)] of the Tarangire-Manyara ecosystem from 2011 to 2019. Histograms (blue 
bars) show the observed sighting frequencies and the red lines describe the fitted detection functions. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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precipitation in any of the study areas (CA: rs = 0.20, p = 0.60; MR: rs =

0.18, p = 0.64; LMNP: rs = 0.02, p = 0.97; TNP: rs = 0.65, p = 0.07; n = 9 
for all tests). 

3.2. Ostrich population densities and trends as indicators of ecological 
effectiveness 

Ostrich densities were positively and significantly (p < 0.05 in all 
cases) correlated with densities of nine (out of ten) mammalian wildlife 
species in the same study area (Fig. 5). Densities of Thomson’s gazelles 
were negatively and significantly (p = 0.02) correlated with ostrich 
densities. Correlations between densities of giraffe and those of other 
species closely mirrored correlations of the ostrich – wildlife species 
pairs (Fig. 5). 

Looking at temporal cross-species trends within the four protected 
areas, we found few significant correlations (Fig. 6), and cross-species 
correlations were mostly inconsistent across the four areas (except for 
inverse relationships between Grant’s gazelle and wildebeest population 
trends in both CA and MR). Annual ostrich densities were only a single 
time significantly and positively correlated with population densities of 
another species (zebras in TNP). 

4. Discussion 

Our large-scale and long-term monitoring in the Tarangire-Manyara 
ecosystem established that ostrich densities and population trends over 

Fig. 3. Boxplot depicting average ostrich densities (each data point represents 
one seasonal point estimate from 2011 to 2019) in four study areas [Mto Wa 
Mbu Game Controlled Area (CA), Manyara Ranch (MR), Lake Manyara National 
Park (LMNP), and Tarangire National Park (TNP)] of the Tarangire- 
Manyara ecosystem. 

Fig. 4. Estimated seasonal ostrich density estimates (open circles) and associated 95%-confidence intervals (error bars) in four study areas [Mto Wa Mbu Game 
Controlled Area (CA), Manyara Ranch (MR), Lake Manyara National Park (LMNP), and Tarangire National Park (TNP)] of the Tarangire-Manyara ecosystem from 
2011 to 2019. 
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time did not align with the formal conservation status of an area, and 
that ostrich densities – but not necessarily trends over time – were 
associated with corresponding densities of common large mammal 
species in this ecosystem. Below, we discuss hypotheses underlying the 
observed variation in ostrich densities as a basis to evaluate the suit-
ability of ostrich populations as indicators for population densities and 
trends of common mammal species in East African savannas. 

4.1. Ostrich population dynamics in coupled social-ecological systems 

In comparison to ostrich densities in other ecosystems of East Africa, 
spanning areas from national parks and partially protected areas 
(Magige et al., 2009a; Ogutu et al., 2017) and broad geographic areas 
partially used by humans (Okello et al., 2016), ostrich densities in TNP 
and MR exceeded all other reported densities (Table 3). Partly, these 
differences can be explained by methodological discrepancies as the 
studies conducted by Ogutu and colleagues (2016, 2017) collected their 
data via total counts which may underestimate the true abundance of 
ostrich. In addition, aerial counts (as used in Okello et al., 2016) tend to 
underestimate species’ abundance (Greene et al., 2017; Jachmann, 
2002). Despite these concerns, parts of the TME (e.g. MR and TNP) 

appear to be ostrich strongholds with densities in the upper range of 
ostrich densities in East Africa, while densities in CA and LMNP are 
similar to other low density areas in East Africa (Table 3). 

While seasonal variation in ostrich densities (i.e. generally greater 
densities during the short and long rains compared to the dry season; 
Table 2) are generally in line with previous research and are likely 
explained by recruitment of offspring during the rainy seasons (Magige 
et al., 2009a, 2009b; Ogutu et al., 2012a, 2012b, 2017), our results 
provide little evidence that stronger formal protection status per se is 
beneficial for ostrich populations. While TNP had a high and constant 
population density, LMNP had low ostrich densities during the study 
period and the already small population appears to have declined 
further over time (Table 2). MR showed a high and constant population 
density while ostriches in the CA showed the lowest population density 
and a declining population trend over time. As wild herbivore densities 
are typically determined by both bottom-up and top-down processes 
(Hopcraft et al., 2010), it is worthwhile to discuss ecological hypotheses 
that may explain differences in the observed ostrich population 
dynamics. 

The study areas with high population densities of ostriches (TNP and 
MR) are both characterized by relatively large amounts of available 
grassland and open bushland (Kiffner et al., 2016a; Yamashita et al., 
2018). In contrast, grasslands in the low ostrich density LMNP are 
restricted to a strip near the lake that is of variable size due to flooding 
and drying of the lake (Cohen et al., 1993; Mwalyosi, 1981). Impor-
tantly, the savannah portion in the park is subject to shrub encroach-
ment which further reduces the amount of suitable habitat for ostriches 
and other grazers (Kiffner et al., 2017). These changes are also linked to 
observed long-term population declines in many species of this national 
park (Kiffner et al., 2020a, 2017). Recent habitat management (manual 
removal of bushes and prescribed burns) in parts of LMNP aims to open 
up the understory, but it is yet to be seen if this will be sufficient to 
reverse the apparent population decline of ostriches. While being largely 
made up of open habitat (Yamashita et al., 2018), ostrich densities in the 
CA study area were also low and apparently declined over time. CA is 
partially inhabited by humans and their livestock, with human settle-
ment and development increasing over the years (Kiffner et al., 2016b; 
Msoffe et al., 2011; Mwalyosi, 1981; Yamashita et al., 2018). Increased 
human activity may have caused an overall reduction in suitable habitat 
area, with heavy livestock grazing further deteriorating grass quality 
and quantity (Kiffner et al., 2016b). In MR, however, grazing is strictly 
managed to sustain high grass biomass during the dry season which may 
explain high ostrich densities and underscores the hypothesis that os-
trich populations can persist in pastoral areas with restricted livestock 
densities and human activities (Ogutu et al., 2017). Beyond factors 
affecting suitable habitat quantity and quality, predation may further 
limit ostrich populations. Ostriches are within the preferred prey range 
of lions (Panthera leo) (Hayward and Kerley, 2005), and in early 2016, 
JK and CK observed a pride of lions feeding on an ostrich in LMNP. Given 
the already miniscule population size in LMNP, such events may limit or 
even cause the small ostrich population to decline even further in LMNP 
(Caughley, 1994). 

Particularly in the CA, disturbance by humans and illegal hunting by 
humans may be a serious threat to ostrich and other wildlife populations 

Table 2 
Regression coefficient estimates and associated 95%-confidence intervals (lower and upper CI) of general linear mixed models testing the effects of the linear predictor 
‘year’ on estimated ostrich densities in four study areas [Mto Wa Mbu Game Controlled Area (CA), Manyara Ranch (MR), Lake Manyara National Park (LMNP), and 
Tarangire National Park (TNP)] of the Tarangire-Manyara ecosystem from 2011 to 2019. Effects sizes that are non-overlapping with zero are highlighted in bold. The 
intercept of the random effect ‘season’ (long rains, dry season, and short rains) is presented in the three rightmost columns.  

Study area Intercept 95%CI Year 95%CI LR Dry SR 

CA  198.871 − 373.436; 778.965 ¡0.102 ¡0.390; 0.182 − 0.183 − 0.631 0.813 
MR  − 12.624 − 286.974; 252.807 0.006 − 0.126; 0.142 0.080 − 0.123 0.043 
LMNP  822.030 142.288; 1488.253 ¡0.410 ¡0.741; ¡0.07 0.405 − 1.043 0.638 
TNP  − 441.565 − 911.279; 28.149 0.219 − 0.014; 0.452 0 0 0  

Fig. 5. Non-parametric correlation coefficients for time-matched, seasonal 
wildlife population density estimates of ten mammal species (Dikdik = Mado-
qua kirkii, Thomsons = Eudorcas thomsonii, Impala = Aepeyceros melampus, 
Grants = Nanger grantii, Warthog = Phacochoerus africanus, Waterbuck = Kobus 
ellipsiprymnus, Wildebeest = Connochaetes taurinus, Zebra = Equus quagga, 
Giraffe = Giraffa tippelskirchi, Elephant = Loxodonta africana) and ostrich in 
four study areas of the Tarangire-Manyara ecosystem in northern Tanzania. 
Shaded cells denote significant (p ≤ 0.05) correlations. Species are ordered 
using hierarchical clustering and for all correlations the sample size is 
88 counts. 
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(Kiffner et al., 2014). Beyond being an attractive species for photo-
graphic tourism, ostriches are often hunted for their meat, their eggs and 
body parts are used for traditional medicine, and their feathers are of 
substantial cultural significance for people living in this ecosystem 
(Kioko et al., 2015; Magige and Røskaft, 2017). Thus, ostriches provide 
multiple ecosystem services in this coupled social-ecological ecosystem. 
Effective conservation of ostriches – possibly by employing incentive 
mechanisms within co-management approaches (de Bisthoven et al., 
2020) – should thus be a priority and is probably most effective if both 
top-down and bottom-up mechanisms that apparently limit ostrich 
populations are effectively addressed. 

4.2. Ostrich population densities and trends as indicators for ecological 
effectiveness of protected areas 

The observed variation in ostrich densities across this ecosystem and 
the proposed hypotheses underlying this variation, suggest that both 
environmental conditions and conservation approaches can cause vastly 
differing outcomes in terms of ostrich densities. Therefore, the suit-
ability of ostrich populations as “surrogate indicator” for ecological 
systems and specific processes that modulate the ecological effectiveness 

of protected areas (i.e. habitat loss, bush encroachment, illegal hunting) 
is limited (Hunter et al., 2016). This is also reflected in the absence of 
strong site-specific and temporal correlations between ostrich and 
mammal population densities (Fig. 6). This lack of correspondence can 
likely be explained by the notion that life-histories of the target species 
and resulting sensitivity to environmental factors differ substantially 
(Caro and O’Doherty, 1999; Hopcraft et al., 2010). As there is increasing 
evidence for vast variation in wildlife responses to anthropogenic dis-
turbances in landscapes (including thriving, persisting, struggling, and 
extinction in human-dominated landscapes) (Di Marco et al., 2014; 
Riggio et al., 2018), population trajectories of a single species are un-
likely to reflect those of multiple other species in landscapes with 
spatially variable human footprints and conservation approaches. In 
turn, ecological monitoring needs to target multiple species to effec-
tively assess the performance of different conservation approaches over 
time (Kiffner et al., 2020a). 

However, ostrich population densities may provide a suitable sur-
rogate for the broad goal of maintaining wildlife populations in savanna 
ecosystems and therefore appear as suitable “management surrogate” 
(Hunter et al., 2016). Ostrich population densities were positively, yet 
weakly to moderately (rs = 0.23 – 0.52; Fig. 5), correlated with densities 

Fig. 6. Non-parametric correlation coefficients for relationships between site-specific [Mto Wa Mbu Game Controlled Area (CA), Manyara Ranch (MR), Lake 
Manyara National Park (LMNP), and Tarangire National Park (TNP)] annual densities of ostrich and those of ten mammal species (Dikdik = Madoqua kirkii, 
Thomsons = Eudorcas thomsonii, Impala = Aepeyceros melampus, Grants = Nanger grantii, Warthog = Phacochoerus africanus, Waterbuck = Kobus ellipsiprymnus, 
Wildebeest = Connochaetes taurinus, Zebra = Equus quagga, Giraffe = Giraffa tippelskirchi, Elephant = Loxodonta africana) from 2011 to 2018. Shaded cells denote 
significant (p ≤ 0.05) correlations. Species are ordered using hierarchical clustering and for all correlations the sample size is 8 years. 
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of nine large mammal species implying that those nine tested species 
tend to reach higher densities in areas with high ostrich densities. 
Interestingly, the only negative correlations were observed between 
population densities of Thomson’s gazelle – one of the few large 
mammal species in East Africa that can persist relatively well in human- 
dominated landscapes (Bhola et al., 2012b, 2012a). However, the cor-
relation coefficients between densities of ostriches and those of other 
species closely mirrored those of the giraffe – wildlife species dyads 
(Fig. 5). Therefore, both giraffe and ostrich populations appear to be 
suitable “management surrogates” (Hunter et al., 2016) for ecological 
effectiveness of wildlife protection efforts in this savanna ecosystems. 
Similar to ostrich populations, giraffe populations are affected by both 
anthropogenic and environmental factors (Bond et al., 2019; Lee and 
Bolger, 2017) and the broad direction of these factors may be similar 
(but not identical) for several, but clearly not all (with Thomson’s ga-
zelles as a prime example) large mammal species. 

5. Conclusion 

In the Tarangire-Manyara ecosystem, ostrich (and giraffe) pop-
ulations appear as suitable management surrogates for the broad con-
servation goal to assess the overall ecological effectiveness of a 
conservation area (Hunter et al., 2016) but not necessarily for closely 
resembling population trajectories of other target species (Fig. 6). 
Therefore, their role as an indicator species may be limited to describe 
the state of conservation efforts, but not be particularly well suited to 
track changes thereof. We recommend that these relationships be tested 
in other savanna ecosystems, since indicator suitability may differ across 
ecosystems (Kiffner et al., 2015). 
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