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Abstract

Merely designating new and/or expanding existing protected areas (PAs) does not guar-
antee the protection of critical ecosystems and species. The management of PAs must be
effective to sustain meaningful conservational outcomes. We inferred the management
effectiveness of PAs in Kenya based on the representation of ranges and distribution of
multiple diversity dimensions of terrestrial mammals and their association with govern-
ance and designation types. We hypothesized that different governance types underlie vari-
able management efficacies, such that stricter-managed PAs have better habitats that attract
more wildlife, translating to higher species diversity compared to less strictly-managed
PAs, especially for focal species groups (large carnivores, large herbivores, and endangered
species). The results showed nearly all terrestrial mammals in Kenya represented in at
least one PA. However, the relative proportion of represented ranges were low, and analy-
sis of spatial conservation prioritization showed significant expansion beyond current PAs
needed to achieve a one third coverage of focal species’ ranges in a best-solution reserve
system. Differences in PA governance and designation types were not systematically asso-
ciated with diversity variances, and while there were more unique species in state-man-
aged PAs than in privately-managed ones, averaged diversity coefficients were comparable
between categories. Diversity variances explained by PA size and status year were low in
a combined species pool but increased in focal species groups. These findings suggest that
success in terrestrial mammal conservation in PAs in Kenya require clearly and formally
streamlined definition, performance feedback, and collaboration terms between state-man-
aged and privately-managed PAs.
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Introduction

The global proliferation of protected areas (PAs) is an enduring means of combating biodi-
versity declines and was a commendable tool towards achieving Aichi Biodiversity Target
11 (Pimm et al. 2014; Ceballos et al. 2015; Saura et al. 2019; UNEP-WCMC and IUCN
2021b). Even so, the effectiveness of PAs in conserving biodiversity remains debated due
to continued species declines and ecosystem degradations within them (Hockings et al.
2006; Craigie et al. 2010; Joppa et al. 2016). This has intensified realizations that merely
designating new and/or expanding existing PAs does not guarantee the protection of eco-
systems and species (Barnes 2015; Geldmann et al. 2019), rather, the PA management
must be effective and equitable to guarantee meaningful long-term conservational success
and viability. Evaluating such effectiveness remains integral to efforts towards curbing
unnatural biodiversity declines (Coad et al. 2015).

With recent studies showing increasingly high proportions of wildlife occurring outside
existing PAs and populations declining within PAs (Craigie et al. 2010; Ogutu et al. 2016),
Kenya is among the countries where understanding whether and how PA management
relate to biodiversity distributions and welfare is pertinent. The country boasts several PAs
under different governance and designation types, denoting whether the government man-
ages them through state-mandated bodies or whether they are managed privately by local
communities, individuals, and for-/non-profit organizations (UNEP-WCMC and TUCN
2021a). The PAs managed by the state (SPAs) have a stricter approach due to policy frame-
works and operational systems formalized through state laws while privately-managed PAs
(PPAs) have a less strict approach with their operations and rights controlled by land tenure
agreements with local communities, individuals, and the state (Carter et al. 2008). Differ-
ent PA management and designation types also mirror variable political and community
goodwill and funding surety (Ervin 2003; Carter et al. 2008; Stolton et al. 2017) which
might lead to variable effectiveness of conservational success such as curbing poaching,
deforestation, land encroachment, and pollution across PAs. In the process, nonrandomly
variable ecological states and species diversity distribution patterns might emerge between
PAs based on the management and designations differences (Geldmann et al. 2013). In par-
ticular, due to stricter implementation of restrictions against ecosystem degrading threats,
SPAs likely maintain ideal habitats for most mammals, reciprocally translating to higher
species richness and phylogenetic and functional diversity compared to PPAs (Wicander
2015; Munoz Brenes et al. 2018; Harris et al. 2019). Oberosler et al. (2020) observed that
highly human-disturbed PAs had low species diversity and altered occurrence patterns
compared to strictly managed PAs which were less disturbed. In contrast, the less strict
restrictions to access by local communities in PPAs (Carter et al. 2008; Stolton et al. 2017)
imply they might be less species-rich, especially for larger mammals that are more sensi-
tive to humans (Riggio et al. 2018).

Across most sub-Saharan countries, the utilization of PAs for biodiversity conservation
mainly targets large charismatic mammals which are fundamental to touristic attractions
(a vital economic pillar in these countries), are a major attraction for donor funding, and
significantly influence political and policy action (Maciejewski and Kerley 2014; Balm-
ford et al. 2015; Muchapondwa and Stage 2015; Lindsey et al. 2020). The large mammals
also serve as focal species, embodying the viability of species conservation in PAs due
to their high sensitivity to human disturbance and extinction risk (Morrison et al. 2007;
Caro 2010). Ecologically, most large mammals influence the functioning and integrity of
ecosystems by driving the abundance, distribution, and diversity of other species (Soulé
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et al. 2005; Caro 2010). For instance, as top predators of large- and medium-sized her-
bivores, large carnivores drive herbivore population and distribution patterns while the
feeding and movement of megafaunas such as elephants, rhinoceroses, and giraffes create
new resources and habitats for other species (Duffy 2002; Lacher et al. 2019). Overall, the
large and endangered mammals are good models for investigating distribution and diversity
mechanisms in PAs concerning management and designation differences because they are
globally endangered (Bowyer et al. 2019), surrogates of other wildlife’s populations, and
are highly diverse in terms of ecology, taxonomy, traits, and behaviour (Safi et al. 2011;
Ripple et al. 2014; Bogoni et al. 2018).

For effective conservation practices, the metrics employed in evaluating the prioritiza-
tion of areas and species should not only capture species richness but also the phylogenetic
and functional dimensions (Devictor et al. 2010). Because species richness oversimpli-
fies community assembly processes that determine the total taxa ecosystems can naturally
support (Veech 2018), the use of phylogenetic diversity and functional diversity as com-
plementary biodiversity indices rose in the early 1990s (Devictor et al. 2010; Chao et al.
2014). Various phylogenetic diversity and functional diversity indices can be decoupled
into contrasting attributes to meaningfully target conservation of evolutionary diversity
and species ecosystem functions (Faith 2016; Mazel et al. 2017, 2018; Cadotte and Tucker
2018; Edie et al. 2018). Measuring biodiversity using multidimensional diversity attrib-
utes also enable the conservational application of less obvious but useful biodiversity met-
rics such as the ratio of species representation and uniqueness in a local pool relative to a
regional or global pool (Pirtel et al. 2013).

In this study, we analyzed the representation of terrestrial mammal ranges in PAs and
how different PA governance and designation types relate to distribution patterns of multi-
ple diversity dimensions. We hypothesized that diversity indices are not significantly vari-
able between PA designation and management categorizations for the combined species
pool but significant for focal species groups (large carnivores, large herbivores, and endan-
gered species). We mainly sought to answer three questions; (i) How are the ranges and
diversity of terrestrial mammals in Kenya represented in PAs? (ii) Do PA management and
designation differences influence terrestrial mammal diversity distributions? and (iii) How
do state-managed PAs compare with privately-managed ones in the representation of ter-
restrial mammal ranges and diversity distributions, especially of focal species (large carni-
vores, large herbivores, and endangered species)?

Methods
Protected areas in Kenya

We used the catalogue of PAs from the World Database on Protected Areas (UNEP-
WCMC and IUCN 2021a) whose records are the only comprehensive, up-to-date, and pub-
licly available data on PAs in Kenya. We dropped PAs with no land overlap, leaving 400
PAs (Online Resource 1: ESM_1) which comprised five governance types; government,
indigenous peoples, individual or community, local communities, and non-profit organi-
zations, and six designation types; community conservancy, community nature reserve,
forest reserve, national park, national reserve, and private reserve (Fig. 1). We consid-
ered SPAs as those managed by national or county governments while PPAs were those
managed by non-governmental bodies—communities, indigenous people, for-profit and
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Fig. 1 The distribution of terrestrial mammals in protected areas in Kenya between management (Gov-
ernance) and designation (Designation) types. The dendrograms and scatter plots represent the clustering
of the PAs based on species composition dissimilarity (taxonomic dissimilarity). The maps, scatterplots,
and dendrograms are shaded in corresponding colours
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non-profit organizations, and individuals. The strict SPAs were SPAs with forest reserves
excluded. Based on PAs with spatial size reported, the SPAs comprised the bigger portion
of the 12.4% land area considered protected compared to the PPAs (~ 66% versus =~ 34%)
(Online Resource 1: ESM_1). For the current study, we could not compile PA-level data on
the mammal fauna composition in Kenya’s PAs or accurate species-specific range data, as
such, we relied on the representation of species ranges within PAs as a surrogate of their
protection appraisal. While such representation might be a flawed appraisal of management
effectiveness, it provides an important assessment of the state of Kenya’s biodiversity (spe-
cies and ecosystems) conservation progress (Chape et al. 2005).

Species checklist and distribution data

We used the checklist of Musila et al. (2019) as the backbone taxonomy of Kenya’s mam-
mals (Online Resource 1: ESM_2). The annotated checklist is the most recent and compre-
hensive synthesis of Kenya’s mammals from existing taxonomic evaluations, revaluations,
and new species descriptions. We obtained species distribution data from the International
Union for Conservation of Nature [TUCN] red list of threatened species (UNEP-WCMC
and IUCN 2021a) and the Global Biodiversity Information Facility (GBIF.org 2020). The
distribution of missing species was resolved by geospatially referencing their distribution
accounts in the literature to draw new layers which were then merged with the [IUCN and
Global Biodiversity Information Facility datasets into a single distribution dataset of Ken-
ya’s terrestrial mammals. We estimated species occurrences per PA by generating distribu-
tion extents of every species represented in a PA using QGIS.

After dropping non-terrestrial species whose ranges were represented in coastal areas,
we retained 372 species which we further subdivided into three a priori species groups: (i)
large carnivores—five Carnivora species weighing>40 kg and the African wild dog, (ii)
large herbivores—18 species weighing > 100 kg, and (iii) endangered species—38 species
under ITUCN’s threatened categories [near threatened, vulnerable, endangered, and criti-
cally endangered] which also overlapped as large carnivores and large herbivores (Online
Resource 1: ESM_2). This enabled us to assess how the focal species groups (large carni-
vores, large herbivores, and the threatened species), which are critical to the utilization of
PAs for species conservation, were represented in the current PAs and between designation
and governance types.

Phylogenetic tree, functional trait matrix, and estimation of diversity indices

The molecular phylogeny of Kenya’s terrestrial mammals was obtained from the supertree
of Kumar et al. (2017), which retained the most species represented in Kenya’s PAs after
resolving polytomies and singletons (325 species) compared to Upham et al. (2019) (304
species) and Bininda-Emonds et al. (2007) (200 species). The Kumar et al. (2017) data-
base—http://timetree.org/. We extracted the phylogeny of class Mammalia from which we
pruned the tree of only species present in Kenya’s PAs. As a time-scaled phylogeny from
thousands of studies to resolve divergence times (branch lengths) between species and their
evolutionary relationships (nodes), the tree was suitable for deriving phylogenetic diversity
indices.

For functional traits, we extracted species traits of external body features, diet, and
activity patterns that had > 60% species coverage from Wilman et al. (2014) and Jones et al.
(2009). These included adult body mass in grams, integer percentages of 10 diet categories
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(the relative proportion of the species’ diet composed of invertebrates, mammals and birds,
herptiles, fish, scavenging, vertebrates in general or unknown, fruits, nectar, seeds, and
plants), and binary scores of three levels of activity patterns (nocturnal, crepuscular, or
diurnal) (Online Resource 1: ESM_2). These traits are essential in mammalian strategies
of resource acquisition and usage—place, food, and time: body mass represents anatomical
traits while diet and activity represent ecological strategies (Pianka 2011) and are widely
used to derive various indices of functional diversity and structure.

Because we aimed to understand how multiple biodiversity dimensions are distributed
in PAs and compare between different designation and governance types, we selected, a
priori, species richness to represent taxonomic diversity, Faith’s phylogenetic diversity
index (PDRIC) (Faith 1992) to represent phylogenetic richness, and mean pairwise distance
(MPD) and mean nearest taxon distance (MNTD) to represent the phylogenetic divergence
(Webb et al. 2002; Webb and Donoghue 2005). We further assessed the phylogenetic com-
munity structure using the standardized effect sizes of MPD and MNTD—nearest relative
index (NRI) and nearest taxon index (NTI), respectively. The functional diversity indices
were estimated analogously as those of phylogenetic diversity after translating the traits
into a Gower distance matrix. The functional MPD (FDM*P) and MNTD (FDMNTP) rep-
resented functional divergence (Webb et al. 2002) while the standardized effect size of
FDMPP and FDMNTP (FDMRT and FDN!, respectively) represented functional community
structure. Functional richness was represented by Villeger et al. (2008)’s index of func-
tional richness (FDRIC). Additionally, we assessed the wholeness of species representation
in various managements and designations relative to the combined species pool using indi-
ces of PA-level composition completeness (Pirtel et al. 2013) and uniqueness (Pavoine and
Ricotta 2019).

All diversity indices were estimated in R: species richness using vegan (Oksanen et al.
2019), PDRIC, MPD, MNTD, FDMPP, FDMNTP NRI, NTI, FDNR!, and FDN™ using picante
(Kembel et al. 2010), and FDR' using FD (Laliberte and Legendre 2010; Laliberté et al.
2014).

Refer to Online Resource 2: ESM_1 for a more detailed account of the estimation of
diversity indices.

Species representation in PAs and identification of priority conservation areas

The relative proportion of species ranges represented in PAs (area and percentage) was esti-
mated in QGIS separately for all PAs, SPAs, and PPAs (see columns I-N in Online Resource
1: ESM_2). The priority conservation areas for terrestrial mammal conservation were esti-
mated using spatial analysis in Marxan (Ball et al. 2009) for which input files were prepared
using the ArcMarxan Toolbox [https://aproposinfosystems.com/en/solutions/arcgis-plugins/
arcmarxan-toolbox/ (Apropos Information Systems Inc. 2021)]. We used Kenya’s administra-
tive boundary as planning limits and divided it into 59,971 planning units of 10 km?-hexagons.
The planning units intersecting current PAs were assigned status 2 to fix them as ‘locked in’
reserve systems whose use for conservation is not likely to change, those intersecting within
a 5-km radius of a town, municipality, and city centre were assigned status 3 as ‘locked out’
areas that were not available for inclusion in the reserve system, and the remaining planning
units were assigned status O as areas ‘available’ for inclusion in the reserve system. We defined
the expected cost of including planning units into conservation areas based on the human foot-
print index from Venter et al. (2016). The index consolidates several infrastructural facilities
and human ecological influences that compete for land use with biodiversity conservation, and
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thus provided a credible baseline cost estimate. For conservation features, we used the 49 spe-
cies that had been earlier defined as focal species groups (large herbivores, large carnivores,
and endangered species). The analysis was implemented using best-fit calibration parameters
determined using the ArcMarxan Toolbox: 1000 runs constituting 10 million iterations and a
boundary length modifier of 0.001. We performed two independent analyses, (i) with all PAs
fixed as locked in areas and (ii) with just SPAs fixed as locked in areas, to better analyse how
the best-solution reserve systems compared between the two scenarios.

Statistical analysis

The association between diversity indices (as response variables) and PA designation and
governance types (as explanatory variables) was explored using univariate analysis of vari-
ance and multilevel permutational multivariate analysis of variance, generalized linear mixed-
effects model, generalized additive mixed models, and constrained ordination—redundancy
analysis. We first estimated the potential confounding of PA size, PA status year, and unequal
number of PAs between categories. The influence of differing numbers of PAs in designation
and governance categories on diversity comparisons was tested by splitting the full dataset
into individual categories and then randomly sampling cases based on the category with the
least number of PAs as the baseline in IBM SPSS Statistics v25 using the Random sample of
cases function. Category mean indices from the same-group-size dataset were then compared
with those of the full dataset. Because the compared means using the full dataset and the ran-
domly sampled dataset remained virtually similar, and the associated statistical significances
unchanged (Online Resource 2: ESM_2), consequent comparisons were based on the full data-
set using unweighted means with type III sum of squares for analysis of variance (Shaw and
Mitchell-Olds 1993). To examine how PA size and status year related to species diversity, we
used generalized additive models, with diversity indices as responses and size and status year
as predictors, separately. Across species groups, the variance in diversity indices accounted for
by PA size and the status year was significant in nearly all indices and varied between species
groups (Table 1). Consequently, PA size and status year were included as random effects in the
generalized additive mixed models and generalized linear mixed-effects model analyses and as
covariables in the redundancy analysis when estimating diversity variances accounted for by
the pure influence of PA designation and governance categorizations.

The proportions of diversity variances explained by PA governance and designation cat-
egorizations were determined using Bonferroni adjusted R-squared (Rzadj) and significance
level [p <0.05]. We also performed pairwise comparisons between PA managements and des-
ignations using the multilevel pairwise comparison with permutational multivariate analysis
of variance. The analyses were implemented in R using packages Ime4 (Bates et al. 2015) for
the generalized linear mixed-effects model, mgcv (Wood 2011) and gamm4 for generalized
additive mixed models, vegan (Oksanen et al. 2019) for redundancy analysis, car (Weisberg
2019) for type-III analysis of variance, and pairwiseAdonis (Martinez Arbizu 2020) for multi-
level permutational multivariate analysis of variance.
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Table 1 The association of PA size [spatial extend of a protected area (PA)] and status year (year PA was
formally recognized as protected) with terrestrial mammal diversity in Kenya

Species group Index PA size PA status year
p R DEx p R DEx
Combined species pool SR 0.025 0.055 0.074 <0.001 -0.135 0.15
MPD 0.007 —-0.058  0.073 <0.001 —0.083 0.102
FDMP®  <0.001 0271  0.284 <0.001 0.144  0.147
NRI <0.001 0.076  0.079 0.008  0.053  0.074
NTI 0.142 —-0.03 0.042 001  —0.046  0.058
FDMR! <0.001 —0.224 0234 <0.001 —0.181 0.183
FDNT! 0.001 0.074  0.085 0.003 -0.056 0.069
Large carnivores SR <0.001 0.35 0.355 <0.001 0.242 0.261
MPD <0.001 0.157  0.163 0.548 —0.011  0.02
FDMP®  0.018 0.033 —-0.039 <0.001 -0.122 0.135
NRI 1 —-0.002  0.01 0.04  —0.039 0.054
NTI 1 —-0.003 0011 0.025  0.044  0.057
FDMR! 1 —0.004  0.001 0.001 0.066  0.078
FDNT! 1 —0.005 0 0.002 0.059  0.07
Large herbivores SR <0.001 0.327 0.33 <0.001 0.16 0.18
MPD <0.001 0.15 0.161 <0.001 0.092  0.112
FDMPP <0.001 0.087  0.091 <0.001 0.107  0.129
NRI <0.001  -0.179 0.19 <0.001 —-0098 0.118
NTI <0.001 —-0.187  0.198 <0.001 -0.112 0.132
FDMR! 1 —0.003 0 0.003 —0.062 0.083
FDNT! 1 —0.003  0.011 <0.001 —0.12 0.142
Endangered species SR <0.001 0.453 0.459 <0.001 0.267 0.284
MPD 0.067 0.032  0.042 0.004  0.054  0.067
FDMPP <0001 -0207 -0.216 <0.001 —0.092 0.101
NRI 0.015 0.024  0.027 0.013 —0.05 0.069
NTI <0.001 0.051  0.055 0.002 —-0.066 0.085
FDMR! <0.001 0.121  0.135 <0.001 0.064  0.075
FDNT! <0.001 0232 0243 <0.001 0.092  0.109

The associations were modelled using generalized additive models in R and included 263 PAs with PA
size and 344 with status year reported in World Database on Protected Areas. The coefficients of associa-
tions are represented by significant values, p <0.05, indicated in bold. The rationale for defining the species
groups (large carnivores, large herbivores, and endangered species) is explained in the main text

p=p-value, Rzadj= adjusted r squared, DEx =percentage proportion of deviance in diversity index explained
by the effects (PA size and PA status year)

Results
The representation of Kenya'’s terrestrial mammals in protected areas
We retained 365 species of the initial 372 species, whose distributions overlapped with at

least one PA (Online Resource 1: ESM_2). The 365 species comprised 14 orders, of which
Chiroptera and Rodentia comprised more than half (57%). The remaining 43% consisted

@ Springer



Biodiversity and Conservation (2021) 30:3813-3836 3821

of eight orders each constituting< 1% of all species (< 10 species)—Proboscidea, Tubu-
lidentata, Afrosoricida, Lagomorpha, Pholidota, Hyracoidea, Perissodactyla, and Macros-
celidea and four orders each constituting 5-11%—Primates, Carnivora, Eulipotyphla, and
Cetartiodactyla (Online Resource 1: ESM_2). Most of the species represented in PAs were
small mammals (<10 kg)—305 species (84%), with medium-sized species (10-50 kg)
comprising 8% (28 species), medium-big sized (50-100 kg) comprising 3% (12 species),
and big-sized (>100 kg) comprising 5% (20 species). Based on the ranking of species
risk of extinction by IUCN, most of the PA-represented species were of low conservation
concern (82% least concern and 7% data deficient) with the remaining 11% being vulner-
able (4%), near threatened (4%), endangered (2%), and critically endangered (1%) (Online
Resource 1: ESM_2). Over 90% of the PA-represented species occurred in SPAs excluding
forest reserves (i.e., strict SPAs), which was higher than those in PAs under [IUCN manage-
ment categories II, IV, and VI (84.7%, 67.1%, and 79.9%, respectively) (Table 2, Online
Resource 2: ESM_3). The PPAs contained virtually the same count of unique species as
the strict SPAs (89.9% and 90.7%, respectively) (Table 2, Online Resource 2: ESM_3).
There were more species represented in <50% of PAs (225 species), and only 17% were
represented in>90% of PAs, with the remaining 21% represented in 50-90% of PAs
(Online Resource 2: ESM_4). The proportion of species’ ranges overlapping PAs varied
between 22.9% in all PAs, 12.3% in SPAs, and 4.3% in PPAs (Online Resource 2: ESM_4).

There was no systematic geographical pattern in species composition between PAs
according to management and designation types (Fig. 1). However, species richness and
indices highly correlated with it [PDRIC, MNTD, FDMNTP  and FDRIC (see the bivariate
correlations between indices in Online Resource 2: ESM_5)] depicted geographical trends.
For instance, species richness was higher towards the southwestern half of Kenya and lower
towards the northeastern half while the community structure indices (NRI, NTI, FDNRL
and FDN™) did not portray evident geographical trends (Online Resource 2: ESM_6).

The analysis of spatial conservation prioritization showed that at a 1/3 range coverage
target, the 49 focal species would be adequately represented in priority conservation areas,
in both cases when all PAs or just SPAs were locked in (Online Resource 2: ESM_7). The
best solution when all PAs were locked in included 17,936 planning units in priority con-
servation areas, of which existing PAs overlapped with 11,437 planning units (63.8% cov-
erage) and 14,253 planning units (79.5% coverage) had >90% selection frequency. When
only SPAs were locked in, 18,326 planning units were included in the best-solution reserve
system, of which existing SPAs overlapped with 5390 planning units (29.4% coverage) and
12,982 planning units (70.8% coverage) had >90% selection frequency. Therefore, when
considering all current PAs as locked in, achieving a 1/3 range representation target for
focal species in priority conservation areas require an additional 36.2% of their size to be
added to the reserve system, while when considering only SPAs as protected, 70.6% of
their size should be added to priority conservation areas to achieve the 1/3 range target.
The selection frequency of the best-solution planning units showed that the additional pri-
ority/irreplaceable conservation areas (>90% selection frequency) were always located
around existing PAs, with few exceptions (Fig. 2).

Variation of diversity metrics between PA management and designation categories
The redundancy analysis showed that species composition differences explained by PA

designation and governance types after controlling for PA size and the status year was
low, with R2adj ranging from 0.07 to 0.13 despite being statistically significant—combined
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Fig.2 The priority conservation areas in Kenya based on focal species (large carnivores, large herbivores,
and endangered species) ranges. The figures illustrate the best solution reserve areas for achieving a 1/3
range representation when all protected areas are locked in (a) and when only government-protected areas
(National parks [NPs] and National reserves [NRs]) are locked in (b). The left maps show the binary inclu-
sion—exclusion of planning units in the best solution while the right maps show the selection frequency of
the planning units’ inclusion in the best solution

species (F 3.9, R 0.1, p 0.001), large carnivores (F 5.9, R*,4; 0.13, p 0.001), large
herbivores (F 3.2, R?,5 0.07, p 0.001), endangered species (F 3.6, R4 0.08, p 0.001).
Based on the combined species pool, species richness declined significantly with PA sta-
tus year in national parks, forest reserves, and community nature reserves but increased
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non-significantly in community conservancies, national reserves, and private reserves
(Fig. 3). Against PA size, species richness increased in national parks, forest reserves,
and community conservancies but decreased in national reserves and community nature
reserves with increasing size; all associations being significant except in national parks
(Fig. 3).

Low diversity variances were accounted for by differences in PA management and des-
ignations types, with associations nonsignificant for all diversity indices except species
richness and MPD (Online Resource 2: ESM_9). The total unique species was higher in
SPAs (national reserves, forest reserves) than in PPAs (community nature reserves, private
reserves, and community conservancies) (Table 2, Online Resource 2: ESM_3). Average
species richness per PA significantly differed between designation types and was highest
in community conservancies, followed by private reserves, forest reserves, national parks,
national reserves, and lowest in community nature reserves (Table 2, Online Resource 2:
ESM_3). Similarly, the richness indices (PDR and FD®C) and divergence indices (MPD,
MNTD, FDMPP, and FDMN™) differed significantly between designation and governance
types, and were always higher in PPA designations (community conservancies and commu-
nity nature reserves) compared to SPA designations (national parks and national reserves)
(Online Resource 3). The community structure indices showed more PAs were clustered
for NRI, FD™R, and FDN™ but not NTI, with the distribution of clustered or overdispersed
PAs not systematic to particular designation or governance types (Online Resource 2:
ESM_10). Species composition dissimilarity/turnover, phylogenetic and functional unique-
ness, and composition completeness significantly differed between designation and govern-
ance types. There was a lower turnover in PPAs (community conservancies, community
nature reserves, and private reserves) compared to the SPAs (national parks and national
reserves) but comparable uniqueness and completeness between the designations (Fig. 4).
Multilevel permutational multivariate analysis of variance based on all diversity indices
showed random pairwise differences between designation and governance types, with more
nonsignificant differences than significant ones (Online Resource 2: ESM_11).

Designation 200 * Designation
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1251
2]
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Fig.3 Variance of species richness with protected areas status year (a) and spatial size (b). The plots are
portioned by management and governance categorizations using different shapes and colour and corre-
sponding linear regression scores for the association of species richness with year and size are shown for
the different categories
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Fig.4 The variance of species turnover [Pairwise dissimilarity], uniqueness, and completeness of terres-
trial mammals in protected areas in Kenya between management (Governance) and designation (Designa-
tion) categories. The red dots show the mean values per category while the grey line dividing boxes are the
median values

Distribution of focal species—large carnivores and large herbivores
and endangered species

The total unique species in the focal species groups (large herbivores, endangered spe-
cies, and large carnivores) were higher in SPAs than in PPAs, in contrast to average
species richness which was higher in PPAs than in SPAs (Table 2, Online Resource 2:
ESM_3). All six large carnivore species were represented in every designation type,
while only forest reserves contained all 18 species of large herbivores followed by
national reserves (17 species) with the remaining designation types missing between
two and four species (Table 2). For endangered species, none of the designation cat-
egories contained all 38 species. Forest reserves had the highest representation (36 spe-
cies) followed by national reserves (34 species), while private reserves and community
conservancies had the lowest representation (21 and 25 species, respectively). Like in
the combined species pool, averaged species richness significantly differed between cat-
egories and was always higher in designations under PPAs (Table 2, Online Resource
2: ESM_3). The phylogenetic structure indices (NRI and NTI) and functional structure
(FD™R! and FDNT!) were not systematically patterned by management and designation
types (Fig. 5, Online Resource 2: ESM_10). More PAs were clustered for all structure
indices in large carnivores and large herbivores except FDN'! of the latter while all PAs
were overdispersed for endangered species except NRI (Online Resource 2: ESM_10).

The association of diversity variances and PA size and status year between species
groups corresponded with the combined species pool—increasing with PA size but
declining with status year, with variable statistical support and a few deviances (Fig. 3).
For instance, large herbivores and endangered species richness declined with increas-
ing PA size in community conservancies but increased in all other designation types
while large carnivores increased in all designations except in community nature reserves
(Online Resource 2: ESM_8).
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Fig.5 Comparison of the community structure of terrestrial mammals in protected areas in Kenya based
on phylogenetic and functional diversity. Boxplots show how phylogenetic structure (NRI and NTI) and
functional structure (FDNR! and FDN™) compare between management (Governance) and designation (Des-
ignation) types. Median values per category are represented by line dividing boxes. See Online Resource 2:
ESM_10 for the distribution of these indices in individual protected areas and Online Resource 3 for associ-
ated significance test values

Discussion

We investigated how ranges of terrestrial mammals are represented in PAs in Kenya,
whether PA management and designation types influence diversity distribution patterns,
and how state-managed PAs compare with privately-managed ones in the species repre-
sentation. Our results showed nearly all terrestrial mammals in Kenya represented in PAs.
However, the relative proportion of the ranges overlapping PAs was low, in agreement with
the spatial conservation prioritization analysis which showed significant expansion of cur-
rent PAs was needed to achieve a one-third coverage of species ranges in the best-solution
conservation areas. Differences in PA governance and designation types were not system-
atically nor significantly associated with diversity distribution trends, and while there were
more unique species in SPAs than in PPAs, averaged diversity indices were comparable
between categories. Following, we discuss these findings in detail.

To answer how ranges and diversity of terrestrial mammals in Kenya are represented
in PAs, we found nearly all terrestrial mammals in Kenya were represented (ca. 98%)
albeit the relative proportions of the ‘protected ranges’ were low. While this compares
with studies such as Gonzalez-Maya et al. (2015) where nearly all of Costa Rica’s mam-
mals were represented in PAs, it illustrates that evaluating species conservation status
based on range overlap in PAs might overestimate their overall range protection sta-
tuses. Similarly, Tyrrell et al. (2020) found relatively lower proportions of Kenya’s ter-
restrial mammals were adequately conserved in PAs and Coad et al. (2019) found low
range proportions of terrestrial mammals were sufficiently represented within PAs glob-
ally. The relative range proportions overlapping PAs declined further when consider-
ing only strict PAs as adequately protected (i.e., national parks and national reserves),
which was also supported by the spatial conservation prioritization analysis that showed
considerable expansion of conservation areas beyond the existing PAs needed to achieve
a one-third range representation of focal species. De Alban et al. (2021) also found that
expanding conservation areas beyond existing PAs in Myanmar was needed to achieve
a 30% representation target of species ranges and habitats. Notably, however, the high
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number of species with ranges represented in PAs and the clumping of irreplaceable
priority conservation areas around existing PAs (Fig. 2) presents an ideal conservation
opportunity and backdrop for the use of PAs to protect species and habitats/ecoregions.
Because there are currently no alternative wildlife conservation tools besides PAs,
they are indispensable in Kenya’s wildlife conservation pursuits, offering species with
refugial ecosystems (Joppa et al. 2016) and serving as stronghold of threatened spe-
cies (Pacifici et al. 2020). Also, PAs represent the most practical approach to effectively
control land-use competition for biodiversity conservation with humans (settlement
and agriculture), which is particularly severe in tropical Africa (Food and Agriculture
Organization 2020). The observed decreasing species richness with status year likely
reflects deteriorating species diversity, population, and ecological conditions in Kenya’s
PAs over time, in the process, driving wildlife onto unprotected human-dominated areas.
While we did not target untangling the specific non-management and non-designation
factors driving the observed diversity trends, the pattern of biogeographical regionali-
zation and diversity distributions in PAs (Online Resource 2: ESM_6) correspond to
Kenya’s eco-climatic zonation as patterned by topography, water bodies, precipitation,
temperature, and evapotranspiration regimes (Western et al. 2015). This suggests that
abiotic variables such as climate and geography might be stronger predictors of the
diversity variances, as is common among African mammals (Kamilar 2009; Kamilar
et al. 2015; Rowan et al. 2016) and mammal diversity patterns in the tropics (Stevens
et al. 2003; Rapacciuolo et al. 2019).

We also asked whether PA management and designation categorizations influence the
diversity and community structure of terrestrial mammals. Our results showed PA designa-
tion and governance differences accounted for very low proportions of diversity variances
and were not systematically associated with diversity and distribution trends. This agrees
with previous studies (Stolton et al. 2017; Maxwell et al. 2020) and suggests that gov-
ernmental and non-governmental stakeholders in PA biodiversity conservation in Kenya
have equal contributions and should collaborate closely to improve the efficiency of PAs as
wildlife conservation tools. The stricter management approaches (as practised in National
Parks and National Reserves) appear to not translate to better ecological conditions and
higher species richness in individual PAs, in contrast with expectations (Riggio et al. 2019;
Ayivor et al. 2020). Unlike the averaged indices, the higher count of unique species in
SPAs compared to PPAs can be explained by the temporal trend of PA designations, where
SPAs are dominantly older. In these older PAs, species have had adequate time to naturally
assort into available niches and stabilize/adapt ecological functions, leading to richer and
diverse assemblages. The distribution and assembling patterns of the uncharismatic small-
sized that comprise a dominant majority of Kenya’s mammals should be ecologically more
stable because they hardly influence biodiversity conservation pursuit in PAs (Asaad et al.
2017). As such, their higher diversity in older and larger compared to younger and smaller
PAs plausibly reflect actual ecological interactions (Brashares et al. 2001). For this, the
observed decrease in species richness with PA status year reflects deteriorations of PA eco-
logical conditions over time, which might also explain the increase of wildlife populations
occurring outside PAs (Ogutu et al. 2016) and the decline of wildlife populations inside
PAs (Craigie et al. 2010). Overall, the differences in diversity variations between govern-
ment versus private managements concur with Ferraro et al. (2013) where strict PA man-
agement was not better at delivering conservation objectives across several tropical coun-
tries (Bolivia, Costa Rica, Indonesia, and Thailand) but contrasts Riggio et al. (2019) and
Oberosler et al. (2020) where stricter PA management enhanced the welfare of ecosystems
and species ecology in Eastern Africa. Nation-wide PA level assessment of management
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effectiveness in Kenya is needed to resolve, with greater certainty, how designation and
governance differences impact biodiversity conservation outcomes and species community
ecology.

Thirdly, we asked how SPAs compare with PPAs in the representation of Kenya’s mam-
mals, especially the focal species—Ilarge carnivores, large herbivores, and endangered spe-
cies. We found more unique focal species represented in SPAs (national parks, national
reserves, and forest reserves) compared to the PPAs, which is unsurprising because they
are accorded greater conservation concern and are almost exclusively found in gov-
ernment-managed PAs (Craigie et al. 2010; Bowyer et al. 2019), with their populations
actively monitored and occasionally manipulated, through, for instance, translocations.
Also, several SPAs are biogeographically unique ecosystems for globally endangered and
range-restricted mammals, such as the Mountain Bongo in Mt. Kenya and Aberdares, the
Hirola in the Northern Rangeland Trust Coast PAs, the Sitatunga in the Lake Victoria
Basin PAs, and the Giant ground pangolin whose extreme eastern distribution is repre-
sented in some of the Lake Victoria Basin PAs. The SPAs also have more extensive nation-
wide distribution compared to PPAs, with PAs such as the Malka Mari and Lake Turkana
national parks which are located in very remote areas serving as critical protective islands
and likely to host highly phylogenetically and functionally diverse mammal assemblages.
Even so, several PPAs are exceptionally vital to regional conservation of Kenya’s threat-
ened mammals, such as the Lewa and Ol Pejeta Conservancies (black rhinos, elephants,
and Grevy’s zebra). Joint efforts between PPAs and SPAs, such as in the Tsavo Conserva-
tion Area, the Northern Rangelands Trust, and Mara North Conservancy are the lifeline of
wildlife migratory routes and crucial buffers to human-wildlife conflicts, thus, critical for
the persistence of the larger and threatened species (Munoz Brenes et al. 2018; Ferreira
et al. 2020; Oberosler et al. 2020; Pacifici et al. 2020). Despite the shortfall in national
coverage and connectivity between PAs, the current PA network has the potential to suc-
cessfully guarantee effective conservation of mammal ranges since wildlife populations
within protected ecosystems persist substantially stabler than in unprotected areas, even
under changing climates and intensifying human disturbance (Hansen and DeFries 2007,
Thomas and Gillingham 2015; Boakes et al. 2019). However, such success depends on
extending conservation strategies beyond PAs onto unprotected areas and entrenching these
approaches into national wildlife policy legislations for long-term sustainability (Tack et al.
2019; Tyrrell et al. 2020). To this end, the greatest challenge is the integration of com-
munities adjacent to wildlife areas within ecologically sound and socially embraced man-
agement plans. As the Protected Planet Report 2020 (UNEP-WCMC and IUCN 2021b)
highlighted, successful engagement of communities, individuals, and private organizations
by committed governments was vital towards attaining a 17% global PA coverage. These
government-private-community feedback frameworks of PAs-wildlife management con-
stitute the backdrop of successful conservation target-setting beyond the Aichi Biodiver-
sity Targets and should be embraced in Kenya. Conventionally, because SPAs have more
explicit definitions, management regimes, and funding surety, regardless of their economic
profitability, they are currently a more enduring model of biodiversity conservation (Riggio
et al. 2019). However, increasingly declining conservation funding opportunities for both
PPAs and SPAs continue to aggravate the management of PA challenges such as human-
wildlife conflicts, illegal bushmeat hunting, and illegal logging, and keeping private inter-
est in wildlife conservation (Lindsey et al. 2020; McElwee et al. 2020). This has forced
wildlife and conservation stakeholders to embrace utilitarian initiatives that better sustain
PAs’ flow of ecological benefits to humans and sustain their interests to protect natural
resources (Guerry et al. 2015). Of the two primary sources of benefits and incentives for
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conservation in Africa—tourism and trophy hunting—the latter has remained controversial
and an unpopular conservation funding source except for southern Africa (Lindsey et al.
2007), although the evidence suggests it is an important conservation tool when sustain-
ably implemented (Lindsey et al. 2006; Dickman et al. 2019). Studies also show that the
classical conservation approach of relying on touristic incomes and government support
cannot sustain biodiversity conservation for many biodiversity-rich countries (Bang and
Khadakkar 2020; Hockings et al. 2020; Lindsey et al. 2020; McElwee et al. 2020). While
Kenya banned trophy hunting in 1977 aiming to curb poaching, its progress in wildlife con-
servation since then has been an underperformance compared to countries that integrated
sustainable trophy hunting into conservational frameworks, such as Neighbouring Tanza-
nia and the southern African countries—South Africa, Zimbabwe, and Botswana (Lindsey
et al. 2006; Ogutu et al. 2016). Sustainable trophy hunting can also lead to improved food
resources, increased litter size and survival through the density-dependent reproduction/
survival responses (Bowyer et al. 2019).

The geographical trends in diversity distributions bear on the performance of PAs for
wildlife protection. For one, the central, western, and southwestern Kenya PAs which had
the highest taxonomic, phylogenetic, and functional richness of terrestrial mammals are
also surrounded by populous and intensively farmed buffer zones (Republic of Kenya
2015), implying that curbing human encroachment onto wildlife areas can be challenging.
The human constraints on PA peripheries commonly drive wildlife emigration from PAs
onto the settlement and farmed areas (Hansen and DeFries 2007; Hansen et al. 2011; Veld-
huis et al. 2019), resulting in cyclic human-wildlife conflicts (Ogutu et al. 2016; Ojwang’
et al. 2017; Mukeka et al. 2019), which is an indication of ineffective PA biodiversity con-
servation performance. The suitability of these regions as priority conservation areas was
downplayed by the Marxan analysis which, despite the high mammal diversities, mostly
excluded them from the best solution reserve systems (Fig. 2). In these areas, PA man-
agements should exploit existing provisions for maintaining interconnectivity (Watts et al.
2017; Saura et al. 2019) by building on the findings of studies such as Ojwang’ et al. (2017)
where key wildlife migration corridors were observed to connect PA networks with non-
protected ecosystems based on temporal variability in habitat suitability. Sustaining the
connectivity of PA and non-PA lands based on wildlife habitat use can also benefit from
nationally harmonized land ownership legislation that incentivizes increased private partic-
ipation (Saura et al. 2018, 2019), as a more integrative, effective, and equitable conserva-
tion approach (Muchapondwa and Stage 2015; Tack et al. 2019). The species whose ranges
did not overlap any PA had distributions that spanned the extremes of Kenya’s national
boundary, with primary ranges in neighbouring countries (Tanzania, Uganda, South Sudan,
Ethiopia, and Somalia). Their representation in PA systems can be attained through trans-
boundary collaborations in PA design and management and national responsibility species
initiatives towards maximizing ecological connectivity and representativeness (area-based
conservation measures). Such transboundary conservation initiatives are increasingly rec-
ognized as critical components of biodiversity conservation in PAs (Schmeller et al. 2014;
Venter et al. 2014; Kark et al. 2015; Saura et al. 2018; Kukkala et al. 2019; Maxwell et al.
2020) but are currently hardly adopted in East Africa. While we used the representation of
species ranges in PAs, the approach can be prone to misestimations of PA and range cover-
ages. Therefore, our results should be interpreted with the necessary caution. Kenya cur-
rently lacks nationwide standardized information on the protected biodiversity in PAs, even
for the charismatic large mammals; for this, managements should direct more concerted
efforts towards PA-level biodiversity inventories that can inform better-targeted conserva-
tion interventions and, thus, better outcomes.
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Conclusion

Protected areas are vital biodiversity conservation tools despite debates concerning their
effectiveness in combating species declines and ecosystem degradations. And as the 2020
Protected Planet Report (UNEP-WCMC and IUCN 2021b) underscored, biodiversity
conservation success beyond Aichi Biodiversity Target 11 can only be achieved through
effective PA management and just governance. Here, our analysis of the effectiveness of
PA management in Kenya based on how differences in governance and designation types
associate with terrestrial mammal ranges and diversity distributions provides some novel
insights. While nearly all the terrestrial mammals in Kenya were represented in at least a
PA, the relative proportions of the represented ranges were low, such that achieving a one
third range coverage of focal species’ ranges in a best-solution reserve system, for instance,
needed substantial expansion of conservation areas beyond current PA extents. Differences
in governance and designation were not systematically associated with diversity variances,
and while there were more unique species in state-managed PAs compared to privately-
managed PAs, averaged diversity coefficients were comparable. These findings illustrate
that, in Kenya, and as applicable across other countries, governmental and non-govern-
mental stakeholders contribute similarly to wildlife conservation in PAs. The persistence of
terrestrial mammals in PAs, therefore, depends upon clearly defined collaboration schemes
between SPAs and PPAs managements in the appraisal of conservation performance and
challenges. This would ensure that all PAs sustainably persist as protective ecosystems for
mammals through, for instance, buffering PPAs of operational crises arising from unprec-
edented challenges to their profit-based conservation approaches (Bang and Khadakkar
2020; Lindsey et al. 2020; McElwee et al. 2020). Such collaboration also aligns with the
trend of shifting wildlife conservation in Africa from classical exclusive state-management
regimes to broader governances where several stakeholders are involved in the planning
and execution of policies (Muchapondwa and Stage 2015).
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