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Abstract

Few studies have evaluated the structure and dynamics of forests in
Madagascar with high levels of endemism. Ankarafantsika National Park
holds the largest of the remaining primary dry forests in northwestern
Madagascar, where most of the forests have been lost or degraded by fire and
other human activities. In this primary forest, we established a 15-ha forest
dynamics monitoring plot and mapped and identified all woody stems with a
diameter at breast height (DBH) >5 cm. The forest stand was characterized by
small-sized individuals (75% of stems with DBH <10 cm, with 99% of trees
with height <15 m), encompassing 35,758 tree and 513 liana individuals
belonging to 160 species in 53 families (including 20 species of lianas account-
ing for 1.4% of the stems). Most species-rich families were Rubiaceae, Faba-
ceae, Lamiaceae, and Malvaceae, which together encompassed 43 tree species
and 23% of all tree individuals. The plot was located on a hill consisting of
white sand at elevations from 150 to 200 m, with a gentle slope down from
southwest to northeast. Over this elevation gradient, stem density and species
diversity increased with elevation, while tree height and diameter decreased.
The most abundant two species, Drypetes perrieri (Putranjivaceae) and Noron-
hia alleizettei (Oleaceae) are evergreen, suggesting the importance of a nutrient
conservation strategy. These results provide the foundational knowledge nec-
essary for the conservation and restoration of natural semi-deciduous dry for-
ests that used to cover large areas in northwestern Madagascar until recently.
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1 | INTRODUCTION

Plant species differ in preferred conditions to survive and
grow (Lasky et al., 2013), and many studies have exam-
ined species-habitat associations as a key aspect of tree
species diversity in tropical forests (e.g., Condit
et al., 2013; Engelbrecht et al., 2007; John et al., 2007).
Topography as a key determinant of soil, water, and
other environmental conditions (e.g., Fan et al., 2020;
Kupers et al., 2019) has been examined in relation to tree
species distribution (e.g., Harms et al., 2001; Webb &
Peart, 2000; Zuleta et al., 2020). In the 50-ha plot of Barro
Colorado Island, Panama, for example, Harms et al.
(2001) found that the composition of tree and shrub spe-
cies differed between the plateau and slopes. Similarly,
Webb and Peart (2000) found that nearly half of the
abundant species showed associations with plateaus,
upper slopes, or gullies in a Bornean rainforest.

Due to the environmental filtering of plant species,
the structure and diversity of a tree community also
exhibit trends along environmental gradients. However,
how they change with topography differs among study
sites. In an Ecuadorian wet forest, the number of tree
stems and basal area (BA) decreased from the ridges plus
upper slopes, lower slopes, to valleys, while species diver-
sity was higher at lower elevations (Valencia et al., 2004).
Similar trends for stem density and species diversity were
observed in a Cameroonian wet forest, with the highest
basal area found on slopes (Chuyong et al., 2011). On the
other hand, from a 600-m transect survey in a Japanese
subtropical forest, Kubota et al. (2004) report that stem
density, above-ground biomass, and species diversity
were higher on ridges than on slopes and valleys. For
shrubs and saplings with a diameter at breast height
(DBH) <10 cm, Denslow (1995) reports that both stem
number and species diversity were higher on slopes than
on ridges along 600-m transects in a Costa Rican tropical
wet forest. Perhaps, whether the topographical gradient
has a positive or negative correlation with species diver-
sity, stem density, and biomass depends on the range of
elevation, climate, and soil types, which interactively
determine water and nutrient availability. On limestone
valleys to hills with elevations from 130 to 607 m in
southern China, higher elevations mean greater drought
and nutrient stress, which operate as environmental fil-
ters (Geekiyanage et al., 2018).

Although many studies compared topographic habi-
tats such as ridges, slopes, and valleys, there may be sig-
nificant variation even within a narrow elevation range
over a gentle slope. In a 500 m x 500 m plot of a
Sri Lankan mixed dipterocarp forest with an elevation
range 425.3-571.9 m and a slope range 0.6°-36.5°, a high-
elevation area had a higher stem density and a lower

species richness of trees with a DBH >1 cm than a mid-
elevation area (Punchi-Manage et al., 2013). Valencia
et al. (2004) also report a similar trend between upper
and lower slopes within a 30-m elevational difference
within a 500 m x 500 m plot. Small differences in eleva-
tion may result in large differences in hydrological
regimes between upper and lower slopes. However, John-
son et al. (2021) did not find differences in tree species
diversity in relation to small elevation differences
between 35 and 50 m on a longleaf pine sandhill in Flor-
ida. This may be due to relatively small ranges in eleva-
tion within their 25-ha plot, as well as monodominance
of longleaf pine and frequent fire, which were more influ-
ential upon competitive interactions and regeneration of
tree species.

Here, we report the structure and diversity of a woody
plant community in a 15-ha plot on a monotonous and
gentle slope in a seasonally dry tropical forest in north-
western Madagascar (Figure 1). In general, seasonally dry
tropical forests contain many species adapted to the sea-
sonal drought, either through drought avoidance or
drought tolerance. Those forests tend to exhibit species
richness of woody plants in Fabaceae, also often in
Euphorbiaceae, Meliaceae, Myrtaceae, and Rubiaceae
(e.g., Almulqu et al., 2018; Fernandes et al., 2020;
Gillespie et al., 2000, 2011). The geological origin of
Madagascar goes back to the breakage of eastern Gond-
wana from the African continent ca. 180 million years
ago, followed by separation from the Australian-
Antarctic subcontinent 120-140 million years ago, and
finally from the Indian subcontinent 84-92 million years
ago (Reeves, 2018; Torsvik et al., 1998). Due to this long
isolation from the other land masses, unique and diverse
ecosystems have evolved there, and more than 80% of
vascular plant species in Madagascar are reported to be
endemic (Callmander et al., 2011). These endemic species
were largely of either Indian or African lineages (Warren
et al., 2010; Yoder & Nowak, 2006).

Despite the uniqueness of natural ecosystems in
Madagascar, we have limited knowledge about the commu-
nity ecology of Madagascan woody plants (e.g., Abraham
et al,, 1996; Cadotte et al., 2002; Sussman & Rakotozafy, 1994).
Deforestation rates in Madagascar have been high largely due
to the expansion of agriculture, fire, and other anthropogenic
drivers (Vieilledent et al., 2018a). Northwestern Madagascar,
with a long dry season of 6-7 months, has experienced the
highest rate of forest loss of 79% within Madagascar, most of
which takes place during the dry season and not during the
monsoon rainy season (Percival, 2024, updating the analysis of
Vieilledent et al. (2018a) to 1953-2023). Ankarafantsika
National Park, protected since 1927, has one of the rare exam-
ples of large stands of seasonally dry tropical forest in north-
western Madagascar. In the forest stand on a hill dominated
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FIGURE 1 Location of the (a) (b)16 s
Ankarafantsika 15-ha plot and 12°S )
its contour map. (a) Forest cover 14°3
of Madagascar in 1990 16.1°S
(Vieilledent et al., 2018b) and 16
the location of Ankarafantsika 18°S -
National Park, (b) satellite image 20°S
of Ankarafantsika (from Landsat
8 imagery in 2021-2022) and the 22°S 16.3°S
location of a trail system 24°S
including the Jardin Botanique S e P ol e 2
A (JBA), (c) satellite image 44°E46°E 48°E 50°E 466°E 46.7°E 46.8°E 46.9°E 47.0°E 47.1°E 47.2°E 47.3°E
(Planet Labs PBC, 2019) around
JBA with the trail system -
visualized by black lines and the (c) (d) Unitin m
300 n N

location of the 15-ha plot,
(d) contour map of the 15-ha 1854°5
plot (300 m x 500 m; illustrated
based on the digital elevation
model provided by T. Kaneko,
Y. Onoda, and J. Percival,

unpublished data). The locations

16.32°S
are indicated by red rectangles.

16.33°S o m M 500 m
46.81°E

by white sand, we established the first large-scale plot in
Madagascar to describe the structure and species diversity of
the woody plant community, including trees and lianas with
DBH >5 cm.

2 | MATERIALS AND METHODS

2.1 | Study site

This study was conducted in a seasonally dry tropical for-
est on a white-sand hill in Ankarafantsika National Park
(136,513 ha) in Boeny Region, northwestern Madagascar.
This park has been protected since 1927, with several
types of management zones: the core zone with full pro-
tection, the zone designated for academic research and
eco-tourism, the zone used by local communities within
the park, and the peripheral zone outside of the park
boundary (Aymoz et al., 2013; Madagascar National
Parks, 2017). We selected Jardin Botanique A (JBA,
16°19’ S, 46°48’ E; Figures 1 and S1) near the Ampijoroa
Village and the park headquarters, within an area desig-
nated for scientific research. The annual mean tempera-
ture and annual precipitation in 4 years (2016-2019) are
25.5-26.1°C (Sato, 2022; H. Sato, unpublished data) and
1195-1615 mm, respectively, and the dry season
(monthly precipitation <10 mm) typically occurs from
May to October (rainfall data are provided by the Durrel
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Wildlife Conservation Trust in Ampijoroa). Anthropo-
genic fires, mainly from slash and burn and field burning
for cattle grazing, are common outside the park bound-
ary, but some of them spread into the park and illegal fire
episodes within the park boundaries are increasing. Satel-
lite remote sensing data (MODIS) going back to 1984
show no fires in the area surrounding JBA, and only after
2014 did the area near JBA within the southern border of
the park start to experience fire episodes (Percival
et al., 2024). The topsoil within JBA is a quartz-rich white
sand derived from Jurassic marine sediments, classified
as Quartzipsamments by USDA (Soil Survey Staff, 1999;
T. Nishigaki, personal communication).

2.2 | Plot establishment

Starting in July 2019, we gridded out a rectangular area
of 15 ha (300 m north-south and 500 m east-west) with
survey instruments, permanently marking every 5 m
with a PVC pipe. Prior to our study, a trail system had
been established by the national park for scientific moni-
toring studies, such as monitoring of a rich fauna, includ-
ing mammals (e.g., Hokan et al., 2017; Ito et al., 2013;
Levesque et al.,, 2012; Lobban et al.,, 2014; Marques
Gomila et al, 2023; Rasoloharijaona et al., 2003;
Sato, 2013a, 2013b, 2022; Sato et al., 2014), birds
(e.g., Asai et al.,, 2002; Hasegawa et al., 2009; Mizuta
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et al., 2001; Nakamura et al., 2001, 2004; Rakotomanana
et al.,, 2001), and reptiles (e.g., Hasegawa et al., 2009;
Ikeuchi et al., 2005, 2012; Ikeuchi & Mori, 2014; Ito &
Mori, 2010; Randriamahazo & Mori, 2005), all of which
are endemic to Madagascar. Within the 15-ha plot, there
is a gentle slope from the lowest corner in the northeast
to the highest corner in the southwest (Figure 1d). While
it is possible to analyze the spatial variation at various
scales within the plot, we chose to analyze the spatial var-
iation of forest structure in terms of variation among
50 m x 50 m quadrats, resulting in a sample size of
60 quadrats. We selected this quadrat size as optimal to
avoid effects of treefall gaps and a walking trail system,
but to yield sufficient sample size to test the relationship
of forest structure and species diversity with the elevation
gradient.

2.3 | Measurements of woody stems

In the 15-ha plot, all woody stems with DBH >5 cm were
measured, mapped, identified to species, and tagged with
aluminum numbered tags during the period from August
2019 to June 2020. Since seasonally dry forests are usually
characterized by abundant lianas (DeWalt et al., 2010),
we recorded lianas as well as trees. We measured the cir-
cumference of each stem at 1.3 m above the ground with
measuring tape and converted it to DBH by dividing it by
7 (~3.14). For stems that had a flat shape or were tightly
attached to another stem, DBH was measured in two
orthogonal directions with calipers. For multi-stemmed
individuals, the stem with the largest DBH was desig-
nated as the main stem, while the other stems attached
to the same base were also measured, tagged, and
recorded if they had DBH >5 cm. Hence, the total num-
ber of stems is larger than the total number of individuals
in the results. In addition, we measured the height of all
free-standing trees in systematically selected eight areas
(20 m x 20 m each) within the 15-ha plot. To record the
x and y coordinates of each stem relative to the southwest
corner of the plot (0-0), we mapped the location of each
stem within each 5 m x 5 m grid on a sheet of paper pre-
printed as a dot with stem ID adjacent to it. Each sheet
was scanned, and digitized information was converted to
x-y coordinate data.

All stems were classified into free-standing trees and
lianas based on their gross morphology. For species iden-
tification, we made preliminary identification using an
unpublished floristic list of local vascular plants provided
by Ankarafantsika National Park and other floristic infor-
mation (Schatz, 2001). We collected voucher specimens
for confirmation by the local expert at the Botanical and
Zoological Garden of Tsimbazaza and the Kew

Madagascar Conservation Centre. The endemism and
extinction risk of each species were checked in the Cata-
logue of the Plants of Madagascar (Madagascar
Catalogue, 2023) and the TUCN Red List (IUCN, 2023).

2.4 | Forest structure and taxonomic
diversity

To describe the patterns of tree and liana species diversity
for the entire 15-ha plot, we examined the species-area
(rarefaction) curves using the 10 m x 10 m subplot infor-
mation after 100-time permutation and generated the
rank-abundance curves. To explore spatial variation of
forest structure and species diversity, for each
50 m x 50 m quadrat, we calculated basal area (BA), the
95th percentile of DBH (Dpa.x), the median of DBH
(Dmed), the number of woody plant individuals (Nj,qg), the
number of individuals with DBH of their main stem
>30 cm (Njarge), the number of species (Ngpp), the ratio of
Ngpp 0 Ning (Nspp: Nina), Shannon'’s index exp(H'), Simp-
son's index 1/D, and Fisher's alpha. The mean elevation
of each quadrat was obtained from a digital
elevation model derived from drone photos (T. Kaneko,
Y. Onoda, and J. Percival, unpublished data).

2.5 | Statistical analysis

All analyses, including linear regression and randomiza-
tion, were conducted with the statistical software R
ver.4.2.1 (R Core Team, 2022). To summarize the spatial
variation of the forest structure, we used multi-
dimensional scaling (MDS) with the Euclidean distance,
using the following variables: BA, Dpax, Dmed> Nind> Niarges
and Ngpp,. All the variables were standardized prior to the
MDS. For multivariate analysis of species composition in
50 m x 50 m quadrats, we ran the non-metric multi-
dimensional scaling (nMDS) with the Bray-Curtis dis-
similarity. The permutational multivariate analysis of
variance (PERMANOVA) was conducted to test whether
forest structure and species composition differ signifi-
cantly with elevation within the 15-ha plot.

3 | RESULTS

3.1 | Structure and diversity of the
woody plant community

Within the 15-ha plot, we recorded 36,271 individuals
(35,758 trees and 513 lianas) with DBH >5 cm, with the
mean basal area (BA) of 19.6 m* per ha, the majority of
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TABLE 1 Forest structure of the 15-ha plot in Ankarafantsika National Park for woody stems with a diameter at breast height >5 cm.
Life Number of Number of Number of Number of
Area form individuals stems Basal area (m?) species families Fisher's alpha
15ha Tree 35,758 38,538 293.323 140 47 18.50
Liana 513 553 1.600 20 14 4.14
Total 36,271 39,091 294.924 160 53 21.54
1ha Tree 2384 + 141 2569 + 124 19.555 + 1.156 89 + 7 40 + 2 18.31 + 1.68
Liana 34+11 37+12 0.107 + 0.036 8+3 7+2 3.38 + 1.51
Total 2418 + 144 2606 + 126 19.662 + 1.159 97 + 8 43+ 2 20.29 + 2.12

Note: The upper half represents summed values of the whole 15-ha plot, and the bottom half represents mean values + SD of 15 1-ha areas

(100 m x 100 m each).

(a)

3

S Tree + Liana

(0]

9 150

S

2 100 }

IS

>

c

B 50 |

[&]

9]

£ o}

& : . . .
0 500 1000 1500
Number of subplots sampled

b

=

:J’ 10.00 3

[&]

G

o 1.00F

C E

>

Q0

g 010 ;. Tree + Liana

© Tree

o 001F

& E
0 50 100 150

Species abundance rank
FIGURE 2 (a) Species—area curves and (b) species rank—
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shaded areas.

which was accounted for by trees (99.5%) and the rest by
lianas (Table 1). We identified 160 species (140 tree spe-
cies and 20 liana species) belonging to 53 families
(47 families for trees and 14 families for lianas) (Tables 1
and S1). According to species-area curves (Figure 2a),
the 15-ha plot sufficiently captured the diversity of tree
and liana species, although only one individual was
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FIGURE 3 (a) Number of woody stems in different size classes

and (b) the number of species of which a diameter at breast height
(DBH) of the largest individual is in each size class. The size class
intervals are left-closed and right-open, with the rightmost class
including all the stems with DBH >45 cm. Two numbers above
each bar indicate the stem or species numbers of lianas (upper) and
trees (lower).

recorded for 14 tree species and 2 liana species
(Figure 2b). The median and maximum of DBH were 7.3
and 68.9 cm, respectively. The mean and maximum of
tree height were 8.8 and 15.6 m, respectively, within the
selected areas for the height measurement. This forest
was dominated by relatively small stems, as 75% of all
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Family Number of species Number of individuals
Rubiaceae 14 2484
Fabaceae 13 3446
Lamiaceae 8 1038
Malvaceae 8 1464
Anacardiaceae 6 1170
Euphorbiaceae 6 581
Meliaceae 6 1014
Sapindaceae 6 251
Apocynaceae 5 316
Ebenaceae 5 565
Annonaceae 4 312
Phyllanthaceae 4 1292

Note: See Table S2 for the full list of families.

woody stems were <10 cm in DBH (Figure 3a). A small
number of species could become large-diameter trees,
with only 21 and 6 species having individuals whose
DBH reached 30 cm and 40 cm, respectively (Figure 3b).

In terms of the number of tree individuals, the three
most abundant tree species were Drypetes perrieri (19.0%
of all individuals), Noronhia alleizettei (12.9%), and Rho-
palocarpus similis (3.4%). In terms of the tree BA,
D. perrieri (18.1%) was the most dominant, followed by
N. alleizettei (6.2%) and Baudouinia fluggeiformis (5.4%).
The two most dominant species that together make up
29.7% of the stand BA were evergreen, whereas R. similis
and B. fluggeiformis gradually become leafless late in the
dry season. Rubiaceae and Fabaceae were the two most
species-rich families (Tables 2 and S2). Within the liana
community, a single species Metaporana sericosepala
accounted for almost half of the individuals (48.9%) and
BA (49.1%).

About 79% of the woody species (126 spp.) were
endemic to Madagascar, including those belonging to
21 endemic genera and two endemic families
(Sarcolaenaceae and Sphaerosepalaceae). According to the
IUCN Red List, one species was “Critically Endangered,”
14 species were “Endangered,” 15 species were
“Vulnerable,” and four species were “Near Threatened.” All
these species, except for one, were endemic to Madagascar.

3.2 | Spatial variation in forest-
structural and species-compositional
variables

There were significant spatial variations among 50 m x 50 m
quadrats in relation to elevation, with overall higher stem
numbers and species diversity at higher elevations. The

TABLE 2 Dominant families in the
tree flora of the Ankarafantsika 15-ha
plot, showing the 12 families with the

Basal area (m”/ha)
0.9796
2.7160
0.6688
0.9938
1.2583
0.1816
0.8740
0.0676
0.1364
0.1871
0.1540
1.0063

highest number of species.

number of woody plant individuals (Nj,q) and the number of
species (Ngpp) Were positively correlated with elevation, while
the median of DBH (Dy,.q) showed a negative correlation.
Both BA and the 95th percentile of DBH (D,,,,) Were mar-
ginally negatively correlated with elevation (Figure 4a-e).
The number of individuals with the main stem DBH >30 cm
(Marge) Was not correlated with elevation (Figure S2). Since
the number of species is expected to increase with the num-
ber of stems per quadrat, we examined the ratio of Ng, to
Nina (Ngpp: Ning), Shannon’s index exp(H'), and Fisher's
alpha, which also increased with elevation, although Simp-
son’s index 1/D had no significant trend (Figure 4f-i). Both
the forest structure and species composition gradually chan-
ged along the elevational gradient (Table S3, Figures 5
and S3).

4 | DISCUSSION

This is the first study that evaluates the structure and
diversity of a woody plant community with a sufficiently
large contiguous plot to detect the spatial pattern in
Madagascar. This forest seemed to be extremely biased
toward small-diameter stems, based on a steep L-shaped
size distribution (Figure 3a) and small maximal size for
many species (Figure 3b). The overall small stature of
trees likely reflected the limited availability of nutrients
and dry season soil moisture from the white sand sub-
strate (K. Oshima et al., unpublished data). Tree species
with smaller adult stature and slower growth are reported
to be more drought tolerant (Guillemot et al., 2022). Our
site annually experiences pronounced seasonal drought
for 6-7 months, and therefore, smaller size would be real-
ized for surviving the dry season by evergreen species.
Yet, the two most dominant species, both in terms of
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(h) Simpson's index 1/D, and (i) Fisher's alpha. Solid lines indicate significant correlations (p < 0.05) while a dashed line indicates marginal
significance (p < 0.1). p values of regression slopes are indicated right after R* values: ***<0.001; **<0.01; *<0.05; "<0.10.

stem number and basal area, were evergreen. The ever-
green habit is known as a nutrient conservation strategy
(Aerts & Chapin, 1999; Monk, 1966).

The endemism of woody species in the
Ankarafantsika plot (79%) was 5% lower than that of vas-
cular plants in the whole of Madagascar (84% in
Callmander et al., 2011). In our 15-ha plot, 88% of

abundant species with >500 individuals and 77% of rare
species with <10 individuals were endemic to
Madagascar. A total of 12 of these species are also listed
by the IUCN as endangered species. Such a high level of
endemism and the presence of endangered species imply
a high conservational value of this forest. Many of the
species-rich families in the plot, each including 6 to
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the Bray-Curtis dissimilarity using species community data, which
count the number of individuals for each species in each quadrat.
Species community differed significantly with elevation by
PERMANOVA (p < 0.001, Table S3 for further statistical details).
[Correction added on 24 September 2024, after first online
publication: the word ‘nMDS’ has been spelled out in this version.]

14 species (Table 2), were also reported to be common by
other studies on the flora of western Madagascar, as well
as in dry forests of other regions. Abraham et al. (1996)
report Fabaceae, Meliaceae, and Rubiaceae as common
in a western dry forest (700-800 mm annual precipitation
and a 6-8-month-long dry season). Sussman and Rakoto-
zafy (1994) report Malvaceae, Burseraceae, Fabaceae, and
Euphorbiaceae from a transect survey in a dry forest of
southwestern Madagascar with 750 mm mean annual
precipitation (MAP) and a 7-month-long dry season.

In dry forests of other regions, Fabaceae and Rubiaceae
are the most species-rich families, followed by Malvaceae,
Meliaceae, and Moraceae in San Emilio, Costa Rica
(MAP = 1565 mm; Enquist & Enquist, 2011), whereas
Fabaceae, Moraceae, Euphorbiaceae, and Rubiaceae are
the most species-rich families in Mudumalai 50-ha plot in
India (MAP = 1200 mm; Sukumar et al., 1992). We found
that these families were also species-rich in our 15-ha plot,
except for Moraceae (Table S2).

Among the species-rich families in wetter forests of
Madagascar, such as Clusiaceae, Lauraceae, and Rubia-
ceae in an eastern rainforest (1708 mm MAP and no pro-
nounced dry season), and Anacardiaceae, Clusiaceae,
and Lauraceae in a dry forest on the Central Highlands
(1820 mm MAP and a 5-month-long dry season) as
reported by Abraham et al. (1996), Clusiaceae and Laura-
ceae were each represented by only one species or were
missing in Ankarafantsika, respectively.

The gradational changes of the forest structure and
species composition with elevation (Figures 4 and 5) were
somewhat surprising, as the topography created by deep
white sand appeared flat and there was no apparent
change in forest physiognomy until we actually measured
them. The size of woody plants became smaller and the
number of individuals per unit area (Nj,q) increased with
increasing elevation, similar to the pattern reported by

some other studies (Punchi-Manage et al., 2013; Valencia
et al., 2004). Tree height also tended to decrease at higher
elevations (Figure S4). In the soil survey by our team,
coarse white sand was the homogeneous substrate for 1.2
to >3.5m across the elevation range of 160-190 m
(K. Oshima, T. Nishigaki, and K. Kitajima, unpub-
lished data).

More surprising was that species diversity increased
with increasing elevation because it was the opposite of a
common pattern reported in other studies (e.g., Punchi-
Manage et al., 2013; Valencia et al., 2004). The number of
species (Ngpp), the ratio of Ny, to Ninq, Shannon's index
exp(H'), and Fisher's alpha in 50 m x 50 m quadrats all
increased with elevation. Simpson's index 1/D was the
exception with no significant correlation, possibly
because this index is greatly influenced by the relative
abundance of common species: some quadrats at lower
elevations had low relative abundances of common spe-
cies (high evenness) with a relatively small number of
species (low richness). The most abundant species,
D. perrieri, decreased its relative abundance at higher ele-
vations, while the second abundant species, N. alleizettei,
increased it, with a slightly negative correlation between
the sum of relative abundance of the two species and the
elevation (Figure S5). Since D. perrieri is a canopy species
and N. alleizettei is a subcanopy species, the spatial
changes of their abundance may not be simply comple-
mentary to each other in terms of the forest structure.
They are found throughout the 15-ha plot, and D. perrieri
tended to be slightly smaller and shorter with elevation,
whereas N. alleizettei did not change in size with eleva-
tion (Figure S6). This may suggest that size limitation on
D. perrieri at higher elevations may create more niche
space for N. alleizettei. The relative abundance of those
two species partially influenced the species evenness. The
ratio of Ny, to Ning, Shannon's index exp(H'), and Simp-
son's index 1/D were more strongly correlated with the
relative abundance of these two species than with eleva-
tion, but Fisher's alpha was correlated with both
elevation and the relative abundance of the two species
(Table S4). There could be various possibilities for factors
underlying these patterns, including environmental filter-
ing and competitive interactions among neighbors.

In conclusion, our study revealed non-random spatial
patterns in forest structure and local woody species diver-
sity on a relatively homogeneous gentle slope in a season-
ally dry forest in northwestern Madagascar. It remains
unclear how elevation may be related to the environmen-
tal heterogeneity that likely drives the competitive inter-
action among the species, including the most abundant
two species that clearly exhibit contrasting patterns of
dominance. Such spatial patterns of tree species diversity
could be demonstrated only in sufficiently large forest
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dynamics plots. Our 15-ha plot is the first of such plots in
Madagascar, and as such, it provides an important
research infrastructure and insight into the community
assembly process in the flora rich with endemism. This
15-ha plot within a primary stand of a seasonally dry for-
est is also a significant addition to the global network of
large-scale forest monitoring plots which has few tropical
dry forests. The future plan to monitor growth and sur-
vival with repeated censuses is promising in revealing
forest dynamics that contribute to the spatial patterns of
tree species diversity and forest structure, especially when
we accumulate more data on environmental conditions
including light, water, and nutrients. Such ecological
knowledge of this woody plant community in
Ankarafantsika National Park provides a critical founda-
tion for the conservation and restoration of Madagascan
dry forests.
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