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1 | INTRODUCTION

To prevent extinction events and the loss of critical eco-
system services, we must understand how habitat loss

Abstract

For the endemic wildlife of Madagascar, the risk of extinction increases as the
island's forest cover decreases. Many of the remaining forests are isolated frag-
ments serving as important refugia for biodiversity. In this research note, we
describe the biodiversity of the Ivohiboro Humid Forest (IHF), and its conser-
vation importance in Madagascar. Located in a region dominated by wooded
savannah, the IHF represents a very rare vegetation type. We conducted six
biological surveys to explore the diversity of vertebrates and vascular plants in
this isolated forest. Our results show that the ITHF maintains a diverse ecosys-
tem and harbors species of conservation significance. Thirty-four of the identi-
fied species are categorized as Threatened by the IUCN, such as the ring-tailed
lemur (Lemur catta) and Isalo Madagascar frog (Gephyromantis corvus). Fur-
thermore, we inventoried species distant from their known IUCN-reported
geographic ranges such as a species of blue-nosed chameleon (Calumma
sp. aff. boettgeri, linotum) and the Lavasoa dwarf lemur (Cheirogaleus
lavasoensis).

KEYWORDS

biodiversity, conservation, fragmented forest, Madagascar, protected area

and fragmentation affect wildlife. Forested habitats har-
bor about 80% of the world's terrestrial biodiversity of
which 50% inhabit tropical forests (Dirzo & Raven, 2003;
FAO & UNEP, 2020). In the last 30 years, 1.7% of Earth's
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FIGURE 1

remaining forests have been lost to deforestation (FAO &
UNEP, 2020). The highest rates of deforestation occur
in tropical regions, making forest loss the greatest
threat to biodiversity (Ehrlich & Pringle, 2008). As a
result, Earth's remaining tropical biodiversity hotspots
are fragments located within anthropogenic matrices
(Fischer et al.,, 2021; Haddad et al., 2015; Perfecto &
Vandermeer, 2008).

The tropical island of Madagascar is one of Earth's
top Dbiodiversity hotspots (Antonelli et al., 2022;
Goodman & Benstead, 2005; Myers et al., 2000), home to
5% of the planet's biodiversity, and 90% of its species
endemic to the island (Burgess et al., 2004; Ganzhorn
et al., 2001; Morelli et al., 2019). Yet, Madagascar has one
of the highest rates of deforestation in the world, losing
more than 44% of its forested land cover between 1953
and 2014 (Vieilledent et al., 2018). The remaining forests
are heavily fragmented due to human-caused fires and

Map images of the Ivohiboro Humid Forest (IHF). (a) Map showing the Ivihiboro Protected Area (IPA; yellow), the IHF in
green, and the Pic d'Ivohibe Reserve (blue polygon) with its humid forest shown in green. (b) Relief map showing elevation of the IHF, (c-e)
landscape photographs of the IPA. Photo Credit: Noel Rowe (c), Ryan Rothman (d), Ren Montafio (e).

deforestation (Burns et al, 2016; Ralimanana
et al., 2022). Currently, humid forests on Madagascar are
restricted to the eastern escarpment (Brown et al., 2015;
Moat & Smith, 2007). However, the historical land cover
history of central Madagascar and the western extent of
humid forests remains undetermined (Harper et al., 2007;
Sussman et al., 1994; Vieilledent et al., 2018).

In 2016, we encountered a forest fragment in south-
central Madagascar, surrounded by wooded savannah
and hereafter called the Ivohiboro Humid Forest (IHF).
This forest, located within the Ivohiboro Protected Area
(IPA), is classified as an IUCN Category V Protected
Landscape (Dudley et al., 2013; Figure la-e), and man-
aged by a committee of representatives from the sur-
rounding villages, local NGOs, and the Madagascar
Ministry for the Environment. The last recorded scientific
exploration near the IPA was in 1924 (Mission
H. Humbert—Plantes de Madagascar [2nd voyage],
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1924). In this research note, we present our findings from
six biological surveys of vertebrates and vascular plants
within the IHF and highlight its potential scientific and
conservation importance.

2 | METHODS

2.1 | Study site

The IPA occupies approximately 3782 ha, of which
858 hectares are classified as Humid Forest (Moat &
Smith, 2007; Figure la—e). The IHF is centered around
22.8° S and 46.9° E, with an elevational gradient range
from 650 to 1460 m above sea-level (Farr et al., 2007).
Temperature data collected within the IHF (>100 m from
the forest edge) shows that the mean yearly temperature
is 17.7°C + 0.54 SE (Max 21.4°C, Min 13.3°C).

The IHF is situated within the Moat and Smith
(2007)-defined class “Wooded Savannah” that dominates
Madagascar's south-central highlands (Figure 1a). The
area surrounding the IPA has been continuously main-
tained as rangeland for cattle grazing, through a practice
of intentional burning (Kiener, 1963; Styger, 2004;
Figure 1c-e). The IHF is shielded from fire within a
sunken valley, characteristic of the island's fault struc-
tures (Figure 1b-e). The nearest humid forest to the IHF
is located approximately 20 km to the northeast in the
Pic d'Tvohibe Reserve and is part of the eastern escarp-
ment of Madagascar's moist forests (Figure 1a). Decades
of satellite-observed deforestation in the region (Sussman
et al, 1994; Tucker & Townshend, 2000; Zhang
et al., 2022), along with proximity to Humid Forest, indi-
cate that the IHF may once have been part of a continu-
ous moist forest and is now isolated by deforestation and
fire. The IHF offers an opportunity to increase our under-
standing of the effects of isolation on populations and
ecological communities to inform conservation planning
and action.

2.2 | Biological surveys

We conducted biological inventories within the IHF to
sample vertebrates (volant and non-volant) and vascular
plants over 3 years across six expeditions (each lasting
between 10 and 20 days), in October 2016, December
2016, April 2017, July 2017, July 2019, and November
2019. From these surveys, we created a taxonomic inven-
tory of species of four classes of vertebrates
(i.e., amphibians, birds, mammals, and reptiles) and vas-
cular plants. We conducted specimen sampling and col-
lection following guidelines from the Institutional

A journal of the Society for Conservation Biology

Animal Care and Use Committee (IACUC) at Stony
Brook University (#1601283). We obtained local permits
for each biodiversity survey from the Malagasy Ministry
of Environment and Forestry (242/16/; 41/17/; 122/17/;
152/19/; 290/19/MEEF/SG/DGF/DSAP/SCB.Re).

We performed inventories of reptiles and amphibians
by establishing nine transects within the forest and along
streams. Each transect was approximately 200 x 20 m in
size, located >100 m from the forest edge, and >200 m
from each other. Within each transect, both diurnal and
nocturnal surveys were conducted. All individuals
observed along these transects were documented and
identified to species or genera.

For the bird census, we conducted point-counts
(25 points censused for 20 min each day) at stations
separated by at least 200 m. We documented all birds
detected visually or audibly during each of these
20-min intervals.

For terrestrial and arboreal mammal identification,
we conducted diurnal and nocturnal surveys along three
2 km walking transects. Along these walking transects,
we placed four Sherman live traps baited with mashed
banana to capture small mammals every 25m
(i.e., rodents and nocturnal primates). We recorded the
GPS location of all traps and labeled them based on tran-
sect location. For individuals observed or trapped, we
recorded species taxonomy, number of individuals, GPS
coordinates, and position along the transect. Transects
were located at >10 m from the forest edge and >500 m
apart. Additionally, we set 16 camera traps in the forest
along animal trails, with an approximate density of one
camera every 250 m?, placed 0.3 m from the ground. As
the objective was to detect the maximum number of spe-
cies during these expeditions, each camera trap was bai-
ted both with mashed banana to attract frugivores and
smoked zebu meat to attract carnivores.

To survey the arboreal and troglophile bat fauna, we
employed four different survey methods: (1) hand-held
bat detectors, (2) automatic recording stations of bat
vocalizations, (3) tree and cave daytime observations, and
(4) mist-netting. Mist-netting was performed with special
bat nylon mist nets of 3, 6, 9, and 12 m in length. Two
9 x 12-m high nets along the edges of the forest. Each
night, we set four to eight single or double nets across
streams, paths, or forest openings. Other surveying
methods were employed within the 2 km walking tran-
sects mentioned above.

We confirmed the species assignment Cheirogaleus
using mtDNA barcoding since we were unable to identify
Cheirogaleus species in the field. We extracted DNA from
tissue samples (ear clippings) using the Qiagen DNeasy
Blood & Tissue Kit and sequenced a region of cyto-
chrome c oxidase subunit II (COII). We used NCBI
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TABLE 1

Red List.
Taxonomic
group Class Order Families Genera
Reptiles 1 1 7 14 23
Amphibians 1 1 2 5 22
Birds 1 14 34 55 63
Mammals 1 6 11 18 18
All Vertebrates 4 22 54 92 107
Vascular Plants 4 51 107 256 210

Genbank to access a subset of COII sequences from
across the Cheirogaleus clade for comparison. We aligned
sequences using MAFFT v7.017 (Katoh et al., 2002), total-
ing 153 sequences of 684 nucleotide sites. We estimated a
maximum likelihood (ML) phylogenetic tree for the
aligned sequences using ModelFinder (Kalyaanamoorthy
et al., 2017), as implemented in IQ-TREE v.1.6.6 (Nguyen
et al., 2015) to assess relative model fit. The phylogeny
was rooted on the outgroup Microcebus murinus and sig-
nificance was assessed using 500,000 ultrafast bootstrap
replicates.

We surveyed the vascular flora inside the THF across
six 0.1 ha (50 x 20 m) plots, as established and managed
by Tropical Ecological Assessment and Monitoring Net-
work. Plots were located >100 m from forest edge and
>500 m from each other. We identified all trees within
these plots (>10 cm DBH), and all vascular plants col-
lected along vertebrate sampling transects, to the levels of
genus or species in collaboration with botanists from the
Tsimbazaza Herbarium in Antananarivo and the Mis-
souri Botanical Garden (for detailed sampling methods,
see Fegraus, 2012). We collected plant specimens from all
species or morphospecies (e.g., leaves, roots, flowers,
fruit) along and visible from the transects, and these
specimens were deposited in the Centre ValBio Research
Station Herbarium.

3 | RESULTS

Our surveys identified 107 species of vertebrates and
219 species of vascular plants (Table 1, see Supple-
mentary Table S1 for complete list). We identified
taxa to the species-level for 92% of the vertebrates and
68% of the vascular plants (Table 1). The remaining
specimens were identified to the genus-level (Table 1).
Of the species identified 34, 15 vertebrate and 19 vas-
cular plant species, were listed under the TUCN Red
List threatened (i.e., vulnerable, or endangered;
Table 1).

Species

Taxonomic summary of Ivohiboro Humid Forest surveys including number of species categorized as threatened by the [UCN

Unidentified Total species (identified IUCN
species and unidentified) threatened
4 27 5
3 25 5
0 63 1
2 21 4
9 117 15
98 308 19
3.1 | Reptiles

We identified one order (Squamata), 7 families, 14 genera,
and 23 distinct reptile species. Four of the observed reptiles
could only be identified to the genus level: two chameleons
(Calumma sp. and Palleon sp.), one plated lizard (Zono-
saurus sp.), and one Malagasy iguana (Oplurus sp.). The
Calumma individual had morphological affinity to the blue-
nosed species Calumma boettgeri and Calumma linotum
(Figure 2e). If indeed the observed individual is either of the
two known blue-nosed chameleon species (Protzel
et al., 2015), it would represent a significant range expansion
since these species are endemic to areas of northern
Madagascar, more than 1000 km from the IHF (Glaw
et al., 2015). The Chamaeleonidae (N = 11) and the Gekko-
nidae (N = 8) families represented most of the species iden-
tified. A total of five species are categorized as threatened by
the TUCN Red List (Supplementary Table S2) with the Hille-
nius's chameleon (Calumma hilleniusi) and the malahelo
leaf-tailed gecko (U. malahelo) classified as endangered.

3.2 | Amphibians

We identified one order (Anura), two families
(Mantellidae and Microhylidae), five genera (Boophis,
Mantidactylus, Gephyromantis, Anodonthyla, and Aglypto-
dactylus), and 22 species of amphibians. However, we were
unable to identify the species level of three Mantidactylus
specimens. Of the observed species, five are categorized as
threatened by the IUCN Red List (Supplementary
Table S2). Two of them are classified as endangered: the
Isalo Madagascar frog (Gephyromantis corvus) and the
slow climbing frog (Anodonthyla moramora). The pres-
ence of these species represents a range expansion from
their known distributions. G. corvus is endemic to the Isalo
region 150 km west of the IHF (IUCN SSC Amphibian
Specialist Group, 2016b), and An. moramora to the Rano-
mafana region approximately 150 km northeast of the IHF
(TUCN SSC Amphibian Specialist Group, 2016a).
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FIGURE 2

Images of selected species in the Ivohiboro Humid Forest (IHF). (a) Lemur catta (ring-tailed lemur), (b) Cheriogaleus

sp. (dwarf lemur), (c) Microcebus sp. (mouse lemur), (d) Buteo brachypterus (Madagascar buzzard), (e) Calumma sp. aff. boettgeri
(unidentified species with phenotypic affinity to blue-nosed chameleon). Photo Credit: Noel Rowe.

3.3 | Birds

We identified all specimens, which included
14 orders, 34 families, 55 genera, and 63 species of
birds. The most common bird families recorded
include Vangidae (N = 10), Bernieridae (N = 6), and
Accipitridae (N = 4). Of the observed species, one is
categorized as threatened by the IUCN Red List

(Supplementary Table S2), the red-tailed Newtonia
(Newtonia fanovanae).

3.4 | Mammals

We identified 6 orders, 11 families, 18 genera, and 18 spe-
cies of mammals. Two of the observed specimens, all
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FIGURE 3

belonging to the Cheirogaleidae family of primates, could
only be identified to the genus level. The most common
orders of mammals observed were Chiroptera (N = 5),
Rodentia (N = 5), and Primates (N = 2 species and N = 2
morphospecies) representing 65% of observed mammal
species. Within the order Primates, we documented three
morphologically distinct cheirogaleids (i.e., two Cheiroga-
leus sp., and one Microcebus sp.; Figure 2b,c) and one
lemurid (i.e., ring-tailed lemur, Lemur catta; Figure 2a).
We conducted a preliminary analysis of mitochondrial
DNA for the Cheirogaleus individuals to identify the spe-
cies present. Our results show that there are two distinct
species present, one of which is Cheirogaleus lavasoensis
(Figure 3), the other remains unknown. In addition, we
identified three species within the order Carnivora: the
fossa, (Cryptoprocta ferox), spotted fanaloka (Fossa fos-
sana), and ring-tailed vontsira (Galidia elegans). Of the

98

94

C. crossley n=68

Mitochondrial DNA (COII) phylogenetic tree of Cheirogaleus specimens (red) from Ivohiboro Humid Forest.

observed species, four are categorized as threatened by
the IUCN (Supplementary Table S2), and two are classi-
fied as endangered: the ring-tailed lemur (L. catta), and
the Lavasoa dwarf lemur (C. lavasoensis).

3.5 | Vascular plants

We documented a total of 4 taxonomic classes, 42 orders,
106 families, and 254 genera of vascular in the IHF. We
identified 210 plant species, while the remaining 98 were
identified at the level of genus (Supplementary Table S1).
Plants of the order Malpighiales (N = 38) and Gentia-
nales (N = 35) represented the greatest number of taxa
found. The most abundant families of vascular plants
include the Rubiaceae (N = 19), Euphorbiaceae (N = 15),
and Apocynaceae (N =12). Of the observed species,
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19 are categorized as threatened by the IUCN, of which
6 are classified as endangered (Supplementary Table S2).

4 | DISCUSSION

Despite its small size and isolation, the IHF exhibited sig-
nals of a biodiverse ecosystem. Our biological surveys
yielded surprising results providing clues to the impor-
tance of the IHF in safeguarding biodiversity. The diverse
species of reptiles and amphibians present in the IHF
highlight the conservation value of this forest fragment.
Endangered amphibians present in the IHF, both
G. corvus and An. Moramora, indicate isolated, novel
populations of the species, and a range expansion from
their recorded range. Similarly, if the observed chame-
leon with affinity to C. boettgeri is determined to be the
blue-nosed chameleon, it would suggest a range expan-
sion, this population being more than 1000 km southwest
of the species’' known distribution.

The presence of predators suggests that although the
IHF is a small and isolated forest, it has a biodiverse eco-
system (Sergio et al., 2008). Demonstrative of this, we
recorded the presence of carnivorans (e.g., fossa, C. ferox,
and spotted fanaloka, F. fossana), boa constrictors
(e.g., Malagasy tree boa, Sanzinia madagascariensis, and
Dumeril's boa, Acrantophis dumerili), diurnal raptors
(e.g., Madagascan harrier-hawk, Polyboroides radiatus,
and the Malagasy kestrel, Falco newtoni), and nocturnal
raptors (e.g., Madagascar scops owl, Otus rutilus, and the
Madagascar long-eared owl, Asio madagascariensis).

The primate diversity within the IHF included one
diurnal lemur species (L. catta) and three nocturnal
lemurs (C. lavasoensis, Cheirogaleus sp., and Microcebus
sp.). The presence of ring-tailed lemurs in the IHF was
unexpected, as L. catta is typically distributed across dry
habitats (Goodman et al.,, 2006; Lafleur et al.,, 2016;
LaFleur & Gould, 2020). We observed and documented
eight separate groups of L. catta in this forest, with group
sizes ranging from 11 to 20 individuals. This species is
currently listed as endangered by the IUCN Red List and
is of particular conservation concern due to recent popu-
lation declines and local extinctions driven by habitat loss
and human activities (Gould & Sauther, 2016; LaFleur
et al., 2016, 2019; Reuter & Schaefer, 2017). This suggests
that L. catta might be using the IHF as a refuge and may
reflect previously unknown habitat for the species. Thus,
IHF ring-tailed lemur populations are important for con-
servation and provide an opportunity to study the behav-
ior and ecology of the species in this special
environment.

Madagascar's humid forests contain high lemur spe-
cies diversity (Antonelli et al., 2022). For example, the

A journal of the Society for Conservation Biology

closest protected area to IHF containing humid forest,
Pic d’ Ivohibe Reserve (Figure 1a), has four diurnal lemur
species: Eulemur rubriventer, Eulemur rufifrons, Hapale-
mur meridionalis, and L. catta (the latter located in the
westward wooded grassland; Mittermeier et al., 2010). In
contrast, we observed only one diurnal lemur species
in the IHF (L. catta) and hypothesize that the more com-
mon diurnal may have been extirpated from the IHF by
meat hunting based on field observations and regional
hunting patterns. The brown lemurs (genus Eulemur)
and bamboo lemurs (genus Hapalemur) are among the
most common, and the most hunted lemur species
(Borgerson et al., 2022; Thompson et al., 2023). During
our work in the THF, we observed lemur traps in and
around the forest. Hunting is one of the main drivers of
lemur population decline, and has resulted in local
extinctions in different regions of Madagascar (Jenkins
et al, 2011; Schwitzer et al, 2014; Thompson
et al., 2023). We hope that hunting in the IHF will
decrease in coming years since it is part of the IPA, which
was established in 2021.

The nocturnal lemurs (i.e., Cheirogaleids) present in
IHF were differentiated as two distinct dwarf lemur spe-
cies (C. lavasoensis and Cheirogaleus sp; Figure 3), and
one mouse lemur (Microcebus). C. lavasoensis is classified
as endangered by the IUCN (Blanco et al., 2018), and
prior to these surveys its reported distribution was
restricted to dry and moist forests in the Anosy region,
about 275 km south-east of the IHF (Thiele et al., 2013).
The presence of this species suggests either a potential
range expansion, or that these are relictual populations of
C. lavasoensis in the IHF. We are conducting more com-
prehensive genetic analysis of both Cheirogaleus and
Microcebus to explore the phylogenetic history of the THF
lemurs.

In conclusion, the IHF is habitat for 34 Threatened
species vertebrates and vascular plants as categorized by
TUCN Red List. Our results indicate a potential expansion
of the known ranges for several of these species. These
findings highlight the role IHF plays as a refuge for biodi-
versity in the region and indicate the great value of this
forest for species conservation. The IHF offers the oppor-
tunity to explore both the history of forest cover, and spe-
cies ranges in central Madagascar. In addition, to
allowing the study of behavioral changes of dry habitat
species in humid ecosystems. Further exploration of this
isolated humid forest may hold the key to illuminating
the IHF's role as a relict or refuge for Malagasy flora and
fauna.
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