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Simple Summary: Mantidactylus pauliani is a species of locally endemic amphibian that lives in high mountain streams in the Anka-
ratra massif. This species has a highly restricted distribution, which makes it vulnerable to habitat destruction. However, human
activity is leading to landscape changes that modify its environment and threaten their viability. Having information about this
species and its habitat is essential for its conservation. The aim of this study is to analyze the viability of this critically endangered
frog according to changes in its environment through different types of habitats on a spatiotemporal level. M. pauliani is found from
1900 m to 2378 m elevation, and its abundance is noted between 1993 and 2166 m altitude. The presence of individuals is influenced
by physical parameters of their aquatic habitat, such as depth, speed, and width of the stream, which implies their vulnerability in
the face of the degradation of these parameters. The database collected about the abundance and ecological preference of M. pauliani
serves as an "environmental alert dashboard" to promote sustainable conservation.

Abstract: Mountain summit in Madagascar have generally a specific habitat and that figure home a local endemicity of herpetofauna.
Mantidactylus pauliani, a typically aquatic and critically endangered amphibian from Ankaratra Mountain, is among of them. This
species inhabits high elevation with restricted distribution range. Our study highlights here a new data of this species and its viability
with environmental change. So that, we carried out annual monitoring from 2018 to 2021. Nine fixed transects of 100 m were done
along the streams between 1762 and 2378 m a.s.l. We followed the herpetofaunal standard technique for collecting data (systematic
ecological niche searching and direct observation), and data analysis was performed using x? tests and Factor Correspondence Anal-
ysis. Here we present the new ecological data of M. pauliani. This species home between 1900 - 2378 m a.s.l. within the humid forest
and savannah habitat. We noticed also a fluctuation in population size and migration to the upper throughout the years across the
season, and the stream quality and volume of water variation. This habitat change makes it vulnerable and the annual bushfire
surrounding plays a negative impact. Knowledge and understanding of its ecological guilds is needed for running and updating
conservation activities.

Keywords: Mantidactylus pauliani; Ankaratra; landscape; habitat type; season; distribution.

1. Introduction

The Ankaratra forest, one of the biodiversity hotspot in Madagascar, is home to the locally endemic and critically
endangered Amphibian Mantidactylus pauliani [1,2]. This species has been recorded at an elevation range above 2000m
according to previous research [3-5], and specifically lives in the cold rocky stream of the Ankaratra montane. Since M.
pauliani is a typically aquatic species [6], its distribution is thus restricted. Hence, it highly relies on the streams availa-
bility in terms of quantity and quality for breeding and sustenance [6,7].

However, these last decades, the forest [8] and its streams have gradually undergone changes induced by multiple
human-led activities including charcoal production, timber harvesting, cattle grazing and wildfire [5,9,10]. Anthropo-
genic activities increase threats to species habitat including a connectivity disruption of the population [11] as well as
alteration and degradation [9] which may induce vulnerability as Amphibians are among the highly threatened species
in the world [12].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Given the limited distribution of M. pauliani and its particular high reliance on streams, it is likely to be sensitive
to the change in its habitat [13] which renders it as an indicator of the environment change. The effect of landscape
change regarding to the viability of this locally endemic frog is still understudied thus far [11], and should be subject to
a relatively long-term studies to produce reliable information for conservation action plan. It is therefore crucial to
develop an understanding on the impact of habitat change to M. pauliani population vulnerability.

In this paper, we aim to analyze the viability of M. pauliani regarding to the landscape change that occurred across
different habitat type through spatiotemporal perspective. Based on previous research [5,11,13] and the theoretical con-
siderations, we hypothesized that change in landscape, reflected in habitat degradation, negatively impact Mantidacty-
lus pauliani population. Specifically, this study will explore the linkage between this species and its environment while
determining its distribution and ecological preference once habitat characteristics is identified. This research update
information about this critically endangered species in the face of the dynamic of landscape change so as to build an
effective conservation action plan.

2. Materials and Methods
2.1. Study area

The study was conducted within the New Protected Area (NAP) of Ankaratra, which is one of the remaining
forests in the central highlands of Madagascar, covering about 8130 hectares (Figure 1). It extends over the slopes of the
Ankaratra massif, between 19°19' and 19°24' South latitude and 47°14" and 47°22' East longitude. The study area is part
of the Manjakatompo forest station, located at 84 km from the city of Antananarivo, via the RN7, and at 17 km west to
the city of Ambatolampy.
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Figure 1. Map of Ankaratra NPA and the nine sampling sites

2.2. Data collection

During this study, four 15-days field trips were conducted in September 2018, March 2019, February 2020, and
July 2021. These four trips allowed for optimal monitoring of variations in the population size of Mantidactylus pauliani
according to the season (dry and wet) and the type of existing formation. The selection of the study sites took into
account different types of environments, the presence of permanent rocky streams, and elevation levels. The sites cover
the entire mountain range (crest, valley, and slope), and differ in terms of habitat characteristics and degree of degra-
dation. Six sites were selected since 2018 and 2019, and three additional sites were included in 2020 and 2021, namely
Maharavana, Analafohy, and Ambohimirandrana (Table 1).

Table 1. Description of sampling sites

Transect Elevation(m) Description
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Anjambabe 1900 Natural forest
Tavolotara 1993 Natural forest
Maharavana 2100 Natural forest
Analafohy 2126 Degraded forest
Manotongana 2167 Edge!
Ambaniriana 2166 Galery forest
Ambitsika 2202 Savanna
Ambohimirandrana 2244 Savanna
Tsimiaramianadahy 2378 Savanna

I River separating a deforested area and a bare soil

On each site, a 100-meter transect was established with varying widths depending on the structure of the stream.
The transect served to collect data through direct observation and examination of shelters [14]. It consists of a 100-meter
line along the stream, marked every 10 meters with a "flag". Amphibian abundance is the number of individuals of the
species encountered by direct capture without release.

For each individual counted, biometric measurements were taken using a caliper followed by weighing using a
Pesola balance. The measurement follows the method of Halliday et al. [15], which consists of measuring the SVL (Snout
Vent Length), which is the length from the tip of the snout to the anal opening; the HW (Head Width), which is the
width of the head, and the TL (Tail Length), which is the length from the tip of the snout to the end of the hind leg.
Ecological information is a necessary parameter during fieldwork to explain species abundance and distribution.

Additionally, to determine the characteristics of the stream, measurements of water speed and depth were made
using the same techniques as [16]. Speed is measured by timing a floating object (usually a cork) over a distance of one
meter. To measure depth, a vertically held straight stick is used between the outer surface and the bottom of a stream
at a buried and stable rock. Three samples are taken where the current speed was timed using "flags" for reference.
Measurements of water speed and depth are taken at each descent in these same locations [16].

2.3. Data analysis

For the data analysis, the Chi-square test (x2) is performed to confirm whether the vertical distribution of M.
pauliani for each developmental stage is significantly different according to the study season. It is also performed to
determine if the numbers of this species by developmental stage vary by study season. In addition, a multivariate anal-
ysis was carried out, using correspondence factor analysis which is a method of data analysis when the variables to be
studied are quantitative in nature. This aims to evaluate the ecological preference of the individuals for each develop-
mental stage according to the physical parameters of the streams, and the characteristics of the habitats. It consists in
projecting on the factorial plan the individuals (adult, juveniles and tadpoles), and the variables such as water speed
ranges ([0.5-1 m/s[, and [1 -1.5 m/s[ , water depth ranges ([0-20 cm[, [20-40 cm[ and [40-60 cm[), stream width ([0-1 m],
[1-2 m[ and [2-3 m]), slopes (flow slope, medium slope, and steep slope), microhabitat (still water, bank, and rock),
stream substrates (muddy, rocky, and sandy) which can influence the distribution of M. pauliani.

Pressure is analyzed from the calculated value of the sum of the disturbance parameters of each threats; called
index of pressure IP (duration, intensity and magnitude of the pressure) according to [17]. If IP <4, the pressure is minor,
IP =]4-7], the pressure is medium, if IP> 7 the pressure is major. On the other hand, threats by site are analyzed and
interpreted according to the degrees of threat (Dm), where (Dm) is the ratio between IP and Pp (Pp: sum of IP). It varies
from 0 to 1. If 0.8 < IP < 1, the threat is very high; 0.7< IP < 0.8, the threat is high; 0.5 <IP < 0.7, the threat is medium; 0.3
<IP <£0.5, the threat is low and 0 < IP < 0.3, the pressure is very low.

3. Results
3.1. Species distribution and abundance
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Actually Mantidactylus pauliani is recorded between 1900 m to 2373 m elevation (Figure 2), but almost of the indi-
viduals observed concentrated between 1993 to 2200 m asl.. Generally, this slope distribution along the montane stream
varies significantly for all stages of the development according the field survey seasons (Adult stage: x2 = 222.26, p-
value < 0.0001, df = 24; Juvenile stage: x2 = 152.52, p-value< 0.0001, df = 24; Tadpole stage: x2 = 382.48, p-value < 0.0001,
df =24).

Figure 2. Elevational distribution and abundance of individuals for each developmental stage dur-
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ing the descent period. (A) Adult individuals; (B) Juvenile individuals; (C) Tadpole individuals.

For adult individuals, they remain stable between 1993-2166 m in September 2018 (dry season), and in March 2019
(wet season) with optimum habitat at 1993 m in both seasons. However, most of them found at 2100 m elevation during
the wet season (February 2020), and above 2100 m during the dry season (July 2021). For juvenile individuals, most of
them are inventoried starting at 2150 m elevation in September 2018 (dry season) and at 1993 m elevation during the
wet season (March 2019). During the wet season (February 2020), and the dry season (July 2021), their distribution
increases from 2100 m elevation. For tadpoles, the large of them are found at 1993 m elevation during the September
2018 (dry season), and this elevation rises from 2150 m during the wet season (March 2019) and 2200 m in February
2020, then down from 2100 m during the dry season in July 2021 (Figure 2).
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The great variation of the number of the individuals were observed during the four years (2018, 2019, 2020 and
2021, Figure 3) for all stages of the development depending the season (x2 = 462.89, P <0.0001, df = 6). Adults are more
abundant than juveniles and tadpoles during the dry seasons (2018, 2021), and tadpoles during the humid seasons (2019,
2020), but we observed more juveniles than tadpoles in dry season 2021 (101 vs 48).

Figure 3. Variation in the individual number by age class during the study period.
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3.2. Sex-ratio

Based on the various environments encountered during the period of descent, the sex ratio is calculated. Females
are more common in open areas than males, with the exception of the dry season (July 2021), when males are more
prevalent. Males outnumber females in forest environments. With levels of 2.33 and 3.50, respectively, during the wet
season in March 2019 and February 2020, the sex ratio is exceptionally high, especially in forest habitats. In contrast, the
sex ratio in savannah ecosystems is only at its highest in the dry season (July 2021) and at its lowest point (0.33) in the
wet season (February 2020) (Table 2).

Table 2. Sex-ratio of Mantidactylus pauliani according to habitat type and season.

Natural forest Savannah
Season SR SR
Female Male Female Male
Dry season (2018) 87 158 1.82 24 20 0.83
Humid season 15 35 2.33
(2019)
Humid season 6 21 3.50 3 1 0.33
(2020)
Dry season (2021) 35 71 2.03 6 9 1.5

3.3. Habitat preference

Regarding ecological niche, adult species preferred forest habitat than savannah environment (dry season 2018:
230 vs 59 individuals; wet season 2019: 47 vs 3 individuals: wet season: 27 vs 4 individuals and dry season 2021: 106 vs

& Dry season (2018) M Humid season (2019)
B Humid season (2020) B4 Dry season (2021)
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15). However, for tadpoles, they are more abundant in the savannah habitat than forest during the wet season in Feb-
ruary 2020 (162 vs 135 individuals) (Figure 4).

Figure 4. Distribution of individuals by developmental stage according to the types of existing habitat type during descent periods.
In addition, a spatial vicariate coloration was noticed among the individual sampled. That means a species-based

in open area at high elevation has a lighter skin compared to those encountered in closed environments at lower alti-
tudes (Figure 5).

Figure 5. Back color variation of adult individuals in the forest environment (from 1900 to 2166 m elevation) and in the savanna
(more than 2200 m elevation). A = male individual in the forest environment versus B = male individual in the open area; C = female
individual in the forest environment versus D = female individual in the open area.

3.4. Microhabitat preference

The figure 6 presents the projection all of the individual stages associated with habitat variable preferences. The
first factorial explains 100% of the total variability, i.e. 98.17% for axis 1 and 1.83% for axis 2. Thus, the both factors can
explain easily the distribution of the individuals relative to ecological guilds. Adult individuals are more numerous in
streams that have a width between 0 to 1 m, a velocity between 0.5 to 1.5 m/s, and a depth between 0 to 20 cm. They
observed close to the riverbank with abrupt slope. Juvenile individuals found under or hidden behind the rocky with
medium slope. The tadpoles have a preference on deep still-watered (40 to 60 cm depth) with a wide watercourse (2
to 3 m), and it is also observed in watercourses with sandy substrates.


https://doi.org/10.20944/preprints202306.1451.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2023 doi:10.20944/preprints202306.1451.v1

Graphique symétrique
(axes F1 et F2 : 100,00 %)

! r® Speed [1-1,5

0.5
® Steep slop Ww -3
ADULTS Bank TADPOLES

Speed [0,5-1] De
pth [40-60]
Ww [0“[\ Depth [0-20[ Sandy o St|llwater
0 | B /.—[

Medium slope ® Ww[1-2[ D [20-40
Rocl® H ;L Rocky epﬁ\ X
JUVENILES Speed [0,1-0,5]

F2 (1,86 %)

Low slope

-0.5

F1(98,14 %)

M Lignes @ Colonnes

Figure 6. Projection of variables and individuals by developmental stage on the factorial plane (F1
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3.5. Vulnerability analysis

Throughout this study, six types of threats, most of which are related to human activities, were frequently ob-
served: bush fires, charcoal burning, logging, grazing fires, cattle roaming and trampling of waterways, and the expan-
sion of agricultural areas on slopes. These different types of threats lead directly or indirectly to the degradation of the
habitat of this species.

Nevertheless, the intensity of these different pressures varies according to the type of formation and their prox-
imity to the watercourse. The intensity of the threat is highest in the open area where the pressure index is high, IP 2 0.5
(principally livestock grazing) (Table 3). For the forested area, only anthropogenic activities near streams represent a
high threat to the species, e.g case of the edge for Manotongana, IP=0.63 (logging and charcoal). The following diagram
is established to demonstrate the existing relationship between the viability of the species and changes in its habitat
caused by anthropogenic pressures (Figure 7).
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Table 3. Evaluation of pressure

Score
Milieu Sites Threats types Evaluation
Length Intensity Importance
Bushfires 1 1 1 Minor (3)
Anjambabe Charcoal production 1 2 1 Minor (4)
(1900 m) Logging 2 1 1 Minor (4)
Livestock grazing 1 3 1 Medium (5)
Evaluation total [Index of pressure IP] 16 [0.44]
Bushfires 2 1 1 Minor (4)
Tavolotara Charcoal production 2 1 1 Minor (4)
(1993 m) Logging 1 2 1 Minor (4)
Livestock grazing 1 2 1 Minor (4)
- Evaluation total [Index of pressure IP] 16 [0.44]
=1
£ Bushfires 1 2 1 Minor (4)
5 Maharavana
g Charcoal production 1 2 1 Minor (4)
2 (2100 m)
o) Logging 1 1 1 Minor (3)
n
% Evaluation total [Index of pressure IP] 11 [0.41]
S5}
Charcoal production 2 2 1 Medium (5)
Loggin 2 2 1 Medium (5)
Analafohy g678
Livestock grazing 1 2 1 Minor (4)
(2126 m)
Expansion of agricultural
land 1 1 1 Minor (3)
Evaluation total [Index of pressure IP]] 17 [0.47]
Charcoal production 1 2 1 Minor (4)
Ambaniriana oo . . ) i 3
oggin inor
(2166 m) g678
Livestock grazing 2 2 1 Medium (5)
Evaluation total [Index of pressure IP] 12 [0.44]
Bushfires 2 3 1 Medium (6)
Manotongana
& Charcoal production 2 3 1 Medium (6)
o (2167 m)
- Logging 2 2 1 Medium (5)
Evaluation total [Index of pressure IP] 17 [0.63]
Bushfires 1 2 1 Minor (4)
Ambitsika Charcoal production 2 1 1 Minor (4)
(2202 m) Feux de paturage 1 2 1 Minor (4)
Livestock grazing 2 3 1 Medium (6)
s Evaluation total [Index of pressure IP] 18 [0.5]
§ Ambohimirandrana Charcoal production 1 2 1 Minor (4)
(5]
«» (2244 m) Livestock grazing 2 3 1 Medium (6)
Evaluation total [Index of pressure IP] 10 [0.55]
Bushfires 2 3 1 Medium (6)
Tsimiaramianadahy
Livestock grazing 2 3 1 Medium (6)
(2378 m)
Charcoal production 1 2 1 Minor (4)
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Evaluation total [Index of pressure IP] 16 [0.59]

According to this diagram and threats analysis (Figure 7), the IP highest can affect species directly or indirectly
according the distance relative to stream. On the one hand, generally indirect threats lead to decrease the forest cover,
the soil denudation, and driving climate variability. In the long-term, this climatic variability leads to change the micro-
habitats and of course the species distribution. On the other hand, the direct threats cause erosion and which leads
pollution, and finally drying up. As a final consequence the population decreasing (case of Manotongana population).
For tadpoles, the stress caused rapid metamorphosis and as a result the vulnerability of the adult population due to
habitat erosion.

l ANTHROPOGENIC PRESSURES
INDIRECT THREATS / Decrease in forest cover DIRECT THREATS
- Logging - Livestock grazing and
- Wildfire =Ry 2 trampling of stream
- Expansion of agriculture \4 Sell deiation - Pasture fires
- Charcoal production
x Change in microhabitats

Climate variability K[

N /
1 = . . . .
| ﬁ Change in distribution range 1
1
1
| Destruction of spawning areas POLLUTION/EROSION
i Increase in physiological stress ‘
i Increase in mortality rates
i Delayed metamorphosis STREAM DRY -OFF
]
I
1
1
]
1
]
]
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]
I
1
I
]
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1
]
)
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v
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A
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Mantidactyius pauliani
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Mantidactylus pauliani

Short-term effect
====a LOng-term effect

Figure 7. Diagram showing the relationship between habitat loss caused by anthropogenic pres-
sures leading to vulnerability of M. pauliani.

4. Discussion

4.1. Distribution

Mantidactylus pauliani is a critically endangered highland species with a permanent decline [18]. Available data
suggest a reduced distribution range for this species between 2000-2300 m elevation [6,10,19], but our study shows that
this range extends from 1900-2392 m. We suggest two hypotheses to explain this. The first one is that the research effort
increased because we added a new transect along the slope from 1900 m to 2400 m. The second one is that our study
encompasses all seasons (dry and rainy) in comparison with the other authors who focused lonely on the wet season
(breeding period). According to [20], one biological response to climate change is the upward shift of the species
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distribution due to temperature upped. This was observed during our study. Even though M. pauliani observed at 1900
m asl, it tends towards higher during the four-year descents.

There is a difference in the number of individuals for each developmental stage for different periods. During the
dry season in 2018 (pre-reproduction period), we observed more adults than juveniles and tadpoles (289 vs 132, 127
individuals), but there are more tadpoles during the reproduction period (humid season 2019, 2020) than the other
periods (dry season 2018, 2021). This indicating that the juveniles could reached maturity that means adults (121 adults
vs 101 juveniles; dry season 2021). We noticed that the number of the tadpoles decreased quickly between humid season
(297/2020) and dry season (48/2021), we can explain this through the fast-flowing streams between both periods and
impact the speed of tadpole metamorphosis by big strees [21].

The majority of recorded individuals are found at mid-slope (1900 m and 2200 m) where the forests are stable and
the microhabitat in the form of a variety of rocks (fine sand and gravel) is available as a refuge [16]. In addition, tadpoles
are more abundant in open habitats than in closed habitats because sunlight is strong and facilitates their hatching and
development [22,23].

4.2. Sex-ratio

Concerning sex ratio according habitat and period, we noticed a high ratio in forested areas at low-elevation than in
open and savannah habitats at high altitude, this observation confirm the previous study by [24]. Therefore, females
attract males to lay their eggs and we documented that Mantellinae rarely lay their eggs in water, but sometimes just
overhanging the water surface smoothing sperm fertilization by male [3,25].

In all savannah environments, the habitat is open, so sunlight is strong despite a decrease in ambient temperature.
Regarding seasonal distribution, M. pauliani is more abundant during the cold and dry season and decreases during the
rainy season. This observation is the same as that observed by [20]. Furthermore, high-elevation species reproduce
throughout the year unlike species at medium and low altitudes which are inactive during the cold and dry season [26].
This explains the abundance of Mantidactylus pauliani along the year. However, certain author as [27] explained that
changes in abundance correlated with short-term and long-term habitat loss. The case of the Manotongana transect at
2167 m elevation asl, the habitat there was fragmented and degraded due to the silting erosion leading it drying up.
This is why this site has a very low individual, only one adult male was recorded in September 2018 and no individual
has been reported in this site since February 2020.

4.3.Habitat preference and adaptation

According to [16], the numerous of rock dimensions, and shapes were the favorable habitats because they bal-
anced the speed water, this assumption is the same as the habitat of M. pauliani where their presence, and abundance
correlate with the rock presence and also the water depth, degree of slope, water velocity, and stream-slept.

The variation in the color of adult individuals' skin between in low-elevation forest (black one) and open high-
elevation environments (lighter one) could be explained by adaptation to physical conditions such as temperature var-
iations as suggested by [28]. This study discussed that the blackish color in montane amphibian could be a response to
mitigate ultraviolet or even though to escape predators as a camouflage-like [29], although further researches are needed
in this shape behavior. Although forest degradation represents a threat to Ankaratra's biodiversity, our study demon-
strated that both savannah and natural forest represent an important environment for this species to ensure their via-
bility, this finding is similar to those previously advanced by [5]. However, the impact of forest degradation need in-
depth analyses, till now it has not and does not have immediate impact on the population of this species as suggested
similar studies [30], but a long-term effect is to be analyzed. Ankaratra massif is vulnerable to various anthropogenic
activities that can have negative impacts on species survival. Erosion, livestock wandering and trampling of water-
courses remain the most significant threats, especially at high altitudes, which cause the destruction of watercourses.
According to [1], high altitudes are refugees for several species with restricted distribution and are also more vulnerable.
Given that fragmentation is one of the major threats to the disappearance of amphibians [31].

Our recommendation to assure Ankaratra and M. pauliani serenity consists to strengthen a patrol monitoring
though Forest Ranger, especially in open breeding areas (savannah habitat). The establishment of a fire break system
around the forest is also essential to minimize damage caused by bush fires. Environmental education, awareness-rais-
ing and consciousness-raising within the village community must also be undertaken. This will allow them to under-
stand the importance of the forest and make them aware that biodiversity conservation will benefit them in the long
term. The last but not least consists to implement and ameliorate livelihoods of local population through services from
water.

5. Conclusion
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Overall, our study highlights the effect of landscape change on Mantidactylus pauliani population and its vulnera-
bility as this study highlight that this species shows an overall abundance in natural forest compared to those in de-
graded and open area while tadpoles shows preference in savannah area. The findings also reveal that species abun-
dance differ following the season across the four years of observation. Moreover, the results also demonstrate that spe-
cies was found from 1900 m and above and can reach 2073 m a.s.] elevation. The reproduction occurs throughout the
year but top during the humid season, and take place especially in savannah habitat which is an area that have the
ecological guiled that tadpoles need for their development

As the aquatic, Mantidactylus pauliani has a restricted distribution ranging from 1900m and above, its viability
depends on viability of the watercourse in top montane, which is its reproduction place, and the availability of the
habitat of adults (natural forest). Our study serves as support for decision making in the elaboration of conservation
strategy and in determining the focus area for monitoring (reproduction site) with proactive measures to prevent the
irreversible loss of the one of the emblematic species of Ankaratra massif.

Supplementary Materials: The following supporting information can be downloaded at: Pre-
prints.org, Figure S1: photos of pressure and threats in Ankaratra massif. Photo of Mantidactylus
pauliani and its habitat.
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