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This study investigated the environmental factors and tree species characteristics that are important for the colonization of edge-
interior gradients, for later application to the restoration of edge-transition areas created by highland agriculture in deciduous
forests in the Mae Khum Mee watershed, northwest Thailand. Three belt plots (100 x 10 m) were established at the transition from
the forest edge to the interior of two deciduous forest types (mixed deciduous forest [MDF] and deciduous dipterocarp forest
[DDEF]), for a total of six belt plots. The species composition of canopy trees and regenerated seedlings and saplings was assessed,
together with several environmental factors. We analyzed the relative importance of the physical environment and recruitment
limitation was evaluated in relation to the regeneration traits of tree species. The results indicated that it was difficult for DDF and
MDF species to effectively colonize the near-edge areas of the forests, primarily because the key factors related to seedling and
sapling colonization (i.e., recruitment limitation, the physical environment, and factors related to forest structure) did not match
the edge environment. Generalist species experienced much less recruitment limitation along the edge-interior gradients of both
DDFs and MDFs. Generalists such as Pterocarpus macrocarpus, Dalbergia cultrata, and Vitex pinnata exhibited more successful
establishment under conditions at the edges of both deciduous forests. These findings suggest that the natural regeneration of
generalist species can be utilized as a first step in forest-edge restoration due to their facilitation of subsequent colonization by
primary forest species.

1. Introduction

Deciduous forests grow in regions that experience several
months of severe drought each year and these can cover large
tropical and subtropical landscapes [1]. Mixed deciduous
forest (MDF) and deciduous dipterocarp forest (DDF) are
types of deciduous forest found in Thailand [2, 3]. These
forests have a long history of disturbance from frequent fires
and human activities [4]. Specifically, slash-and-burn agri-
culture is causing the decline and fragmentation of DDF and
MDEF ecosystems throughout Thailand [5]. These agricul-
tural strategies result in mosaics of agricultural land and
forest remnants [6]. Fragmentation and reductions in the

area of forest have caused a severe loss of biological
diversity [7].

Forest edges caused by fragmentation serve as the
dividing line between edge-interior and edge-exterior
areas. The vegetative structure and species composition
differ between the interior and exterior of the forest edge
[8]; such differences are exacerbated by increasing frag-
mentation [9]. Edge effects sometimes manifest as re-
ductions in canopy height and increases in subcanopy
stature from the forest interior towards the edge [10].
However, forest edges may play an important role in the
restoration of forests and much more information on the
interior-edge vegetation and tree regeneration is required
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[8]. The edge-interior environment is unsubstantial, espe-
cially when abrupt transitions occur between vegetation
communities with distinct structures and compositions [11].
Environments around the edge may provide crucial coloni-
zation sites within fragmented landscapes, while aggregated
forests are sufficiently buffered for maintaining species that are
sensitive to environmental changes [12]. The recruitment
limitation is also important at edge sites and may increase or
decrease the chances of plant establishment according to the
mechanisms of seed and site limitation [13]. Previous studies
suggested that the distance from the edge to the interior of the
forest, and microenvironment, may affect seedling recruitment
and forest structure [10-12, 14].

In northern Thailand, most watershed areas are covered
by deciduous forests (including MDF and DDF). This for-
ested land has been affected by a long history of permanent
cropping and crop-fallow cycles [15]. Consequently, the
extent of the forest edge also increases due to such scattered
forest patches in watershed areas. Forest edges in the vicinity
of head watershed areas are now in urgent need of resto-
ration for biodiversity conservation. Therefore, this study
examined how environmental factors are linked to woody
species colonization along edge-interior gradients in the
Mae Khum Mee watershed, Phrae Province, northern
Thailand. Our primary objective was to elucidate key eco-
logical processes to inform necessary improvements in
forest-edge management. We focused on determining which
environment factors and recruitment limitations most
strongly affect woody tree species colonization within the
edge habitats of MDF and DDF.

2. Materials and Methods

2.1. Study Area. The study was conducted along the edge-
interior gradient (i.e., transition from the edge into the
forest interior) of seasonally dry deciduous forest rem-
nants in the Mae Khum Mee subwatershed area. This
region covers 452.4km” of Phrae Province, northern
Thailand (18°22’-1828'N, 100° 08'-100°33'E; Figure 1),
and the site spans elevations of 320-540 m above mean sea
level. The mean annual temperature and rainfall are 26.5°C
and 1200 mm, respectively. The region experiences two
main seasons: (i) wet (May-October; mean rainfall and
temperature of 1460 mm and 35.42°C, respectively) and
(ii) dry (November-April; mean rainfall and temperature
of 406 mm and 35.42°C, respectively). The dry season is
subdivided into cool-dry (November-January) and hot-
dry subseasons (February-April). The main original
vegetation type in the Mae Khum Mee watershed is de-
ciduous forest of two types: DDF and MDF. Several large
remnant patches of relatively undisturbed forest remain in
the head watershed area of this region. Forest fragmen-
tation has been caused by highland agriculture, which
involves cultivating maize after slash-and-burn clearing of
forests, thus generating the scattered distribution of
remnant forest patches throughout the watershed [16].
The study sites regularly experience wildfires during the
dry season, caused by farmers burning corn stumps after
harvest [17, 18].
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2.2. Sampling Plot Selection and Data Collection. This study
collected data from January to December 2017. We selected
DDF and MDF edge sites in similar topographic areas, e.g.,
altitudes of 400 above mean sea level, on a 45% slope, and
about 5 km from a village. At all of the edge sites, maize had
been cultivated in the fields before abandonment 3 years
earlier, as confirmed by interviews with the local residents.

Within each DDF and MDF edge site, we established three
10x 100 m belt plots for each forest type, for six belt plots in
total. The belt plots clearly incorporated the edge zone, such
that the species composition reflected the edge effect [8]. The
forest edge is the line separating the interior and exterior of the
forest, and the structure and species composition differ be-
tween the interior (i.e., dense mature trees) and exterior (i.e.,
sparse shrubs/juveniles or bare land) parts [19]. Several studies
have noted that the edge coincides with the bases of bordering
mature forest tree trunks [19, 20]. Each belt plot ran from the
forest edge to the interior for 100 m and was perpendicular to
the edge line; the first plot was located near the first mature tree
at the edge line (Figure 2). Each 10x100m belt plot was
subdivided into 10 adjacent 10 x 10 m plots, generating 30 plots
per forest type or 60 plots (0.6 ha) in total.

We enumerated all mature trees (>1.3m height, with
diameter at breast height [DBH]>4.5cm) and saplings
(DBH < 4.5 cm, but height >1.30 m) in the 10 x 10 m plots.
In the lower left corner of every 10 x10m plot, we estab-
lished 4x4m subplots, for a total of 10 subplots per
10 x 100 m belt plot (Figure 2). Within these subplots, tree
seedlings (height <1.30m) were enumerated. Diameter at
breast height was measured at 1.3 m height for all mature
trees but we only counted the number of saplings and
seedlings of each species. All trees, saplings, and seedlings
were identified to species by collecting specimens and
comparing them to standard specimens in the herbarium of
the National Park, Wildlife and Plant Conservation, Thai-
land. The nomenclature followed Pooma and Suddee [21].

2.3. Measurements of Environmental Factors. The environ-
mental variables soil moisture content (SMC; %), soil bulk
density (SDb; gem™), and photosynthetically active radia-
tion (PAR; umol photons m >s™') were measured in each
10 x10m plot, for 60 plots in total. The average SMC and
SDb per plot were measured at the four corners and in the
center of each 10 x10m plot in October 2017. Using a soil
core sampler with a volume of 100 cm’, soil was collected
from the top soil layer at 0-15cm depth. All soil samples
were collected on the same day, 10 days after the last rain.
This time of year is close to the beginning of the dry season in
this area, with infrequent rain but still relatively humid soil.
Soil conditions during this time period will likely better
reflect the variation among quadrats than those during the
mid-rainy or mid-dry seasons. The SDb was estimated for
each soil sample as the proportion of mass of oven-dried soil
to the total volume. The SMC was determined as the ratio of
fresh weight to dry weight. We also measured PAR (ymol
photons m~>s™"), which measures photon flux within the
400-700-nm spectral band of solar radiation. The average
PAR values per plot were also measured in the four corners



International Journal of Forestry Research 3

200000 500000 800000 1100000
1 1 1

(=3 (=3

(=3 (=3

S A S

2 = 630000 640000 650000 660000 670000

R N 1 1 1 1 1

. N .

- Mae Khum Mee watershed @ -
S w E| ©
(=3 . B (=3
n o - D
3 T E

8 g |& S a

S S

S S

S S

= [ P o
(=3 (=3
(=3 =3
O - ©
o [sa)
(=] f=3
N N

o o (=3 =3

g g 5. L3S

S S |5 5

S S | Q

o BERES &
(=3 =3
(=3 =3
(=3 =3
o0 - - ©
= =
(=] =3
N N

8 8

T i

§ 4 300 450 § m— p = - Kilometers

£ I8 =
S S
X - - X
§ T T T T T §

630000 640000 650000 660000 670000
- Mae Khum Mee watershed
T T T
200000 500000 800000 1100000 e Stream
I Bangkok * Plot point
B2 Phrae

Il Mae Khum Mee watershed

FIGURE 1: Locations of the Mae Khum Mee subwatershed and study sites in Phrae Province, northern Thailand.
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FIGURE 2: Belt plots (10 x 100 m) were established in a deciduous dipterocarp forest (DDF) and a mixed deciduous forest (MDF) at the
transition point from the edge to the interior of the forest in the Mae Khum Mee subwatershed, Phrae Province.



and at the center in each of 10 x 10 m plot, using a Spectrum
3415FX LightScout External Sensor. Each measurement was
made 1.3 m above ground level on a sunny day (08:00-10:00)
in November 2017. The parameters SMC, SDb, and PAR
were used to analyze mature trees, seedlings, and saplings in
both the 10 x 10 m plots and 4 x 4 m subplots.

2.4. Statistical Analyses. We used the t-test to compare the
differences in physical factors (SMC, SDb, and PAR) be-
tween the DDF and MDF edges. For the overall comparison,
we analyzed data from all plots in each forest type (n = 30 per
forest type) and compared those at each 10 m distance along
the 100 m line from the edge to the interior of the forest
against the data from the 10 x 10 m plots located every 10 m
from the edge in each forest type (n=3 per forest type). A
graph of the data along the 100 m line from the forest edge
was plotted. To investigate the constancy of the colonization
of woody species in each forest edge type, we classified the
woody species into DDF species, MDF species, or generalist
species; we used the Mann-Whitney U test to analyze the
mature tree stem density (TD; per 0.01 ha plot) for the 30
samples from each of the DDF and MDF sites. Species were
grouped into (1) DDF species that had a significantly high
density in DDFs; (2) MDF species with a significantly high
density in MDFs; (3) generalist species without any sig-
nificant density bias (i.e., species that can become established
in both DDF and MDF edge sites); and (4) infrequent species
with inadequate densities for statistical analysis. We ana-
lyzed regeneration characteristics using the number of
seedlings (in the 4 x 4 m subquadrats) and saplings (in the
10 x 10 m quadrats) of each species from subplots located at
the same position at each edge site, for a total of 30 samples
for each DDF and MDF site. We also applied the Man-
n-Whitney U test to analyze sapling and seedling densities
in the DDFs and MDFs.

To investigate which physical and recruitment limitation
factors (i.e., distance from the edge to the interior) affected
mature tree abundance in each forest type (DDF and MDF), we
analyzed matrices of (1) adult tree stem densities in the
10x10m quadrats and (2) the physical variables (SMC, SDb,
and PAR) and distance from the edge to the forest interior (Dis;
m) using nonmetric multidimensional scaling (NMS) ordi-
nation with PC-ORD for Windows (ver. 6; MjM Software,
Gleneden Beach, OR, USA). A Monte Carlo permutation test
was performed with 999 permutations to assess the statistical
significance of each factor variable within the NMS ordination,
to determine whether NMS was extracting stronger axes than
expected by chance [22]. The Monte Carlo permutation test
was constructed using the vegan package in R ver. 3.4.2.

We also used R ver. 3.4.2 to analyze factors affecting
regeneration; we applied generalized linear mixed models
(GLMMs) in a stepwise regression analysis for seedling and
sapling densities of species with sufficient density for sta-
tistical analyses (i.e., species with >30 stems). The inde-
pendent variables were (1) the physical environmental
factors PAR (umol photons m2s™'), SMC (%), and SDb
(g cm™); (2) forest structure variables, i.e., basal area (BA,
m”ha™"), and mature tree density (TD, stem ha™"); and (3)
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factors related to recruitment limitation (seed and site
limitation), i.e., Dis (m) and conspecific adult density (CD,
stem 0.01 ha™). All factors had correlation coefficients less
than 0.7. The plot site was included as a random factor, and
the model with the lowest Akaike’s information criterion
(AIC) was selected for each species [23].

3. Results

3.1. Environmental Factors along the Edge-Interior Gradient.
Opverall, the three physical factors (SMC, SDb, and PAR)
differed between the forest edge types (DDF vs. MDF;
Table 1). The PAR in the DDF edge was significantly higher
than in the MDF (424.37+78.77 vs. 91.90 + 14.17 umol
photons m™*s™", respectively; p < 0.01). The SDb in the DDF
edge was also significantly higher than in the MDF edge
(1.15+0.10 vs. 0.94+0.07 gcm °, respectively; p < 0.05). By
contrast, the SMC in the MDF edge was significantly higher
than in the DDF edge (36.92 £ 4.66% vs. 26.46 +7.12%, re-
spectively; p <0.05). Comparing the edges of the two forest
types along the 100 m from the edge into the forest, there
were no significant differences in the three physical factors
near the edge (i.e., 10 or 20 m from the edge). However, as
the distance from the edge to the forest interior increased,
the differences between PAR and SDb in the two forest types
were significant (p < 0.05). The factor SMC showed a similar
trend in the two forest types (Table 1). PAR tended to change
the most when the distance from the edge to the interior of
the forest was up to 50 m; the difference in PAR between the
two forest types increased steadily with distance
(Figure 3(a)). SDb in the DDF was significantly higher than
the MDF along the entire 100-m edge-interior gradient
(Figure 3(b)). By contrast, SMC was significantly higher in
the MDF than in the DDF along the entire edge-interior
gradient (Figure 3(c)).

3.2. Woody Species Composition. In total, mature trees
comprised 2,745 stems of 114 species, 80 genera, and 34
families. The dominant species in the DDF included Shorea
obtusa, Shorea siamensis, Dipterocarpus obtusifolius, Mitra-
gyna rotundifolia, Lannea coromandelica, Aporosa nigricans,
Dalbergia oliveri, Strychnos nux-vomica, Terminalia chebula,
and Buchanania lanzan (Table 2). The dominant species in the
MDEF were Phanera bracteata, Xylia xylocarpa, Schleichera
oleosa, Millettia brandisiana, Vitex canescens, Tectona grandis,
Dalbergia nigrescens, Croton poilanei, Hymenodictyon orix-
ense, Naringi crenulata, and Kydia calycina. The dominant
generalist species included Pterocarpus macrocarpus, Vitex
pinnata, Dalbergia cultrata, Colona flagrocarpa, Canarium
subulatum, and Terminalia alata. Based on abundance, we
categorized a total of 17 DDF species, 11 MDF species, and six
generalist species (Table 2). All other species were classified as
infrequent species.

3.3. Regeneration of Seedlings and Saplings. Twelve of sev-
enteen DDF species were able to regenerate along the edge of
the DDF. In particular, Shorea obtusa and Aporosa nigricans
exhibited the highest abundances at the DDF sites. Most tree
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TaBLE 1: Mean + standard deviation of the physical factors of photosynthetically active radiation (PAR, umol photons m™>s™"), soil bulk
density (SDb, g cm™), and soil moisture content (SMC, %), as measured in each 10 x 10 m plot along the 100 m line from the edge to the
forest interior (Dis).

Di PAR SDb SMC

' DDF MDF Sig. DDF MDF Sig. DDF MDF Sig.
10 177.33 £27.23 122.46 £ 90.09 NS 1.13+0.06 1.04 +0.05 NS 28.70 £5.67 35.55+£0.68 NS
20 212.26 + 56.21 80.53 £35.25 * 1.15+0.08 0.96 + 0.05 NS 26.23£8.92 38.92+£0.50 *
30 350.80 £74.17 76.06 £ 46.39 ¥ 1.19£0.06 0.91£0.07 * 24.65+£4.76 38.45+1.71 *
40 350.26 +32.83 77.93 +33.82 * 1.16 £0.06 0.98+0.03 * 29.52+6.17 36.36 £1.06 NS
50 343.80 £69.74 80.06 £ 54.52 * 1.17 £0.06 0.90+0.03 * 27.98 £5.61 35.12+2.80 NS
60 440.73 £212.51 80.86 £ 39.71 * 1.15+0.11 0.95+0.02 * 26.52+4.89 37.50+£3.82 NS
70 624.46 £ 86.26 68.73 £20.21 * 1.15+0.08 0.93+0.04 * 25.65+6.04 33.61+3.18 NS
80 565.80 £90.54 92.86 £18.94 * 1.12+0.09 0.89 +0.02 * 25.39+3.25 38.74+4.44 *
90 582.93 £26.07 84.40+£15.73 * 1.15+0.04 0.93+0.06 * 2594 +3.25 36.87£5.25 NS
100 595.44 £26.50 99.06 £ 58.90 ¥ 1.13+0.05 0.90 +£0.05 * 24.02£0.96 38.03 £2.56 *
All 424.37 +78.77 91.90 + 14.17 i 1.15+0.10 0.94+0.07 * 26.46+7.12 36.92 +4.66 *

The data for the deciduous dipterocarp forest (DDF) and mixed deciduous forest (MDF) were compared using t-tests. * p < 0.05, ** p <0.01, and NS =not

significant.

species only occurred as seedlings and saplings along the
edge-interior gradient in the DDF, e.g., Aporosa nigricans,
Buchanania lanzan, Dipterocarpus obtusifolius, Lager-
stroemia macrocarpa, Shorea siamensis, and Shorea obtusa.
A few DDF species were able to regenerate along the edge-
interior gradient at the MDF sites, e.g., Strychnos nux-
vomica, Quercus kerrii, and Mitragyna rotundifolia (Table 3).
Nine of eleven MDF species were able to regenerate along
the edge-interior gradient in the MDF, and many of these
species were also able to regenerate at the DDF site, but at
low densities (Table 3). A few species, such as Croton poilanei
and Millettia brandisiana, only exhibited seedling and
sapling regeneration at the MDF sites.

All six generalist species were able to regenerate along
the edge-interior gradient of both the DDF and MDF sites.
The seedling and sapling densities of five generalist species,
e.g., Canarium subulatum, Colona flagrocarpa, Dalbergia
cultrata, Pterocarpus macrocarpus, and Terminalia alata, did
not significantly differ between the DDF and MDF sites.
Only Vitex pinnata exhibited significantly higher densities of
seedlings and saplings in the DDF compared to the MDF
(Table 3). Mature trees of all six generalist species were also
present at both the DDF and MDF sites (Table 2).

3.4. Factors Affecting Woody Tree Abundance. The final
stress and instability values of the three-dimensional solu-
tion of the NMS ordination across the edge-interior gra-
dients of the two forest types were 19.46 and 0.008,
respectively. All three physical environmental variables were
strongly correlated with the first axis, but Dis was significantly
correlated with the second axis (Table 4). Each species group
(DDF, MDF, and generalist species) loaded along the NMS axes
as clearly separate groups along gradients of the factor variables
(PAR, SDb, SMC, and Dis; Figure 4). The PAR and SDb
strongly affected the DDF species, such as Shorea obtusa
(SHOB), Shorea siamensis (SHSI), Buchanania lanzan (BULA),
Dalbergia oliveri (DAOL), Morinda coreia (MOCO), Lannea
coromandelica (LACO), and Quercus kerrii (QUKE). The SMC
strongly affected many MDF species, such as Tectona grandis

(TEGR), Xylia xylocarpa (XYXY), Dalbergia nigrescens (DANI),
Phanera bracteata (PHBR), and Vitex canescens (VICA).
However, some of the DDF species (Bombax anceps; BOAN)
and generalist species (Colona flagrocarpa; COFL) were also
strongly affected by SMC. The Dis strongly affected the spread
of all species groups: generalist species such as Terminalia alata
(TEAL), Canarium subulatum (CASU), and Pterocarpus
macrocarpus (PTMA); DDF species such as Mitragyna rotun-
difolia (MIRO), Aporosa nigricans (APNI), and Dipterocarpus
obtusifolius (DIOB); and MDF species such as Schleichera oleosa
(SCOL) and Hymenodictyon orixense (HYOR).

3.5. Factors Determining Regeneration. The entire suite of
environmental factors was categorized based on whether
they were most related to the physical environment, re-
cruitment limitation, or forest structure, and all factors
appeared to be more important for DDF and MDF species
regeneration than for generalist species (Table 5). The im-
portance of each factor differed among species.

The regeneration of two DDF species, Aporosa nigricans
and Shorea obtusa, was significantly positively affected by
Dis and SMC (p<0.01 and p<0.001, respectively). The
regeneration of Shorea obtusa was significantly negatively
affected by forest structure (i.e., BA; p <0.001), while that of
Strychnos nux-vomica was positively affected by BA
(p<0.01). The regeneration of only one DDF species was
negatively affected by PAR, SDb, and TD (Table 5). The
regeneration of four MDF species (Dalbergia nigrescens,
Schleichera oleosa, Croton poilanei, and Vitex canescens) was
significantly negatively affected by TD (p<0.01 or
P <0.001), and two of these four species were also positively
affected by BA (p<0.01 or p<0.001). The regeneration of
three MDF species (Dalbergia nigrescens, Schleichera oleosa,
and Vitex canescens) was significantly positively affected by
CD (p<0.01 or p<0.001), and only the regeneration of
Millettia brandisiana was significantly negatively affected by
Dis (p <0.05). The regeneration of three MDF species was
negatively affected by SMC, and two species were signifi-
cantly affected by PAR (Table 5). Only one species was
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significantly affected by SDb (p <0.001; Table 5). The re-
generation of generalist species appeared to be less affected
by the environmental factors of all three categories (physical
environment, forest structure, and recruitment limitation)

(Table 5). The regeneration of two generalist species (Pter-
ocarpus macrocarpus and Dalbergia cultrata) was signifi-
cantly negatively affected by CD and SMC (p<0.05 or
P <0.001). The regeneration of Pterocarpus macrocarpus and
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TaBLE 2: Density (mean +standard deviation) of mature trees
(DBH > 4.5 cm) of each species in the deciduous dipterocarp forest
(DDF) and mixed deciduous forest (MDF).

DDF MDF
Mean + SD Mean + SD Sig.
(Stem 0.01ha™") (Stem 0.01ha™")

Deciduous dipterocarp forest species

No. Species

1 Shorea obtusa 3.70+0.85 — A
2 Shorea siamensis 2.50+0.37 0.03+0.03 e
3 Dipterocarpus obtusifolius 0.43+0.16 — e
4 Mitragyna rotundifolia 0.43+0.13 0.20+0.11 *

5 Lannea coromandelica 0.40 +0.14 — e
6 Aporosa nigricans 0.27+0.13 0.03+0.33 e
7 Dalbergia oliveri 0.23+0.12 — o
8 Strychnos nux-vomica 0.17+0.11 — e
9 Terminalia chebula 0.17£0.10 — e
10 Buchanania lanzan 0.17 +£0.08 — e
11 Buchanania reticulata 0.17 +0.08 — e
12 Quercus kerrii 0.17+0.08 — o
13 Bombax anceps 0.13+£0.08 0.03+0.03 *

14 Morinda coreia 0.13+£0.08 — e
15 Symplocos racemosa 0.10+0.07 — e
16 Lagerstroemia 0.10+0.06 B ean

macrocarpa
17 Wendlandia tinctoria 0.10+0.07 — o

Mixed deciduous forest species

1 Phanera bracteata — 1.00+0.23 e

2 Xylia xylocarpa 0.07+£0.05 0.50+0.16 e
3 Schleichera oleosa 0.17+0.10 0.43+0.17 o
4 Millettia brandisiana — 0.40 £0.15 e
5 Vitex canescens — 0.24+0.12 e
6 Tectona grandis 0.07£0.07 0.23+0.10 *
7 Dalbergia nigrescens — 0.20+0.12 e
8 Croton poilanei — 0.17+0.08 o
9 Hymenodictyon orixense — 0.17+0.08 e
10 Naringi crenulata — 0.10+0.07 o
11 Kydia calycina — 0.10 £0.06 e
Generalist species

1 Pterocarpus macrocarpus 2.00+0.42 1.17+0.38 NS
2 Vitex pinnata 0.07+0.05 0.07+0.05 NS
3 Dalbergia cultrata 0.33+0.14 0.27+0.14 NS
4 Colona flagrocarpa 0.03+0.03 0.10+0.07 NS
5 Canarium subulatum 0.17+0.10 0.10+0.31 NS
6 Terminalia alata 0.20+0.09 0.10+0.07 NS

The species classification is based on Mann-Whitney U tests. *p <0.05,
**p<0.01, and ***p <0.001

Vitex pinnata was positively affected by PAR (p <0.05 or
P <0.01). The regeneration of only one generalist species was
positively affected by SDb (p < 0.001; Table 5).

4., Discussion

4.1. Colonization of Woody Species along the Edge-Interior
Gradient. The numbers of seedlings, saplings, and mature
trees observed at our sites allowed us to predict tree colo-
nization success along the forest edge-interior gradient in
both the DDF and MDF. Along the edge-interior gradient at
the DDF sites, mature trees of DDF species high stem
densities suggest successful colonization. These results
suggest that canopy trees at the edge of the DDF are resistant
to disturbances at forest edges, such as the environmental
changes [24]. These environmental changes result from the
increased disturbances that are common at forest edges, due

to mechanisms such as increases in the rate of large tree loss
and tree turnover [25]. More importantly, DDFs are fire-
dependent, in that fires occur frequently and limit tree
colonization. Annual, low-intensity fires of human origin are
common in DDFs throughout Thailand [26] and these occur
at particularly high frequencies in edge areas [27]. Mature
trees of DDF species such as Shorea obtusa, Shorea siamensis,
Dipterocarpus obtusifolius, and Quercus kerrii exhibit ad-
aptations to fire, such as thicker bark for wildfire resilience
[28]. In addition, DDF canopy trees, such as Shorea obtusa,
Shorea siamensis, and Dipterocarpus obtusifolius, are not
commonly harvested for timber (i.e., for construction
purposes) in northern Thailand; consequently, illegal log-
ging by local residents occurs less frequently. Combined, the
above factors have likely contributed to the persistence of
mature trees of DDF species within the edge areas of DDFs.
Low densities of saplings and seedlings at frequently burned
sites (i.e., forest edges) indicate that frequent fires can inhibit
successful tree regeneration [29]. However, Stott [28] re-
ported that low-intensity fires promoted the recovery of
Shorea obtusa seedlings. Only Mitragyna rotundifolia
seedlings and saplings were able to regenerate within the
edge area of the MDF sites. These results confirm that DDF
species are best adapted to the conditions along the edge-
interior gradient within DDFs; thus, colonization in dif-
ferent forest types is limited.

Along the edge-interior gradient of the MDF sites, the
colonization of mature trees of MDF species with low stem
densities was unsuccessful. Tree mortality is one of the most
important biological consequences of edge effects [8], par-
ticularly for large trees, which are disproportionately sus-
ceptible to wind turbulence and physiological stresses [25].
Moreover, canopy trees may be subject to illegal logging by
residents; indeed, dominant MDF species, such as Tectona
grandis and Xylia xylocarpa, are sought after for timber in
northern Thailand [30]. For example, teak (Tectona gran-
dis) is one of the most valuable tree species and was
consequently designated a priority logging species [31].
Many edge areas of MDFs have suffered from illegal log-
ging, slash-and-burn agriculture, and other disturbances,
all of which have degraded native teak forests in northern
Thailand [32]. As a result, some edge areas of MDFs have
been invaded by secondary successional species via seed
rain and soil seed bank germination. Saplings and seedlings
that can regenerate in areas farther from edges are usually
those adapted to edge microclimates and are often late
successional species [33]. Our results suggest that many of
the MDF species that regenerated along the edge-interior
gradient at the DDF sites were only able to do so during the
sapling and seedling stages, and colonization was unsuc-
cessful during maturity. Wildfire occurs frequently at the
study sites every year, caused by farmers burning corn
stumps after harvest in the dry season [18]. Fire distur-
bances are important factors affecting the dynamics and
regeneration of tropical dry deciduous forests [34]. The
seedling survival of deciduous forest species is strongly
affected by light conditions during the rainy season and
resistance to fire during the subsequent dry season [35]. In
the DDFs, forest fires occurred at higher frequencies than
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TaBLE 3: Mean + standard deviation of the total stem density of seedlings (in 4 x 4 m subplots) and saplings (in 10 x 10 m quadrats), sampled
from locations at the same position along each belt plot inside the deciduous dipterocarp forest (DDF) and mixed deciduous forest (MDEF).

No. Species

Mean + SD
(Stem 0.0116 ha™)

DDF MDEF
Mean + SD Sig.
(Stem 0.0116 ha™)

Deciduous dipterocarp forest species

1 Shorea obtusa 3.97 £1.51 — e
2 Shorea siamensis 0.70+0.23 — .
3 Dipterocarpus obtusifolius 0.30£0.24 — *
4 Mitragyna rotundifolia 1.67 +0.66 1.17+0.68 NS
5 Lannea coromandelica 0.30+0.15 — e
6 Aporosa nigricans 1.77 £ 0.80 — e
7 Dalbergia oliveri 0.53+0.27 — e
8 Strychnos nux-vomica 0.97+0.38 0.23+0.23 o
9 Buchanania reticulata 0.77+£0.27 — e
10 Quercus kerrii 0.23+0.17 0.03+0.03 *
11 Lagerstroemia macrocarpa 0.17+0.10 — NS
12 Wendlandia tinctoria 0.50£0.35 — **
Mixed deciduous forest species

1 Phanera bracteata 0.23+0.12 0.60+0.23 *
2 Xylia xylocarpa 0.20+£0.17 1.03+0.27 .
3 Schleichera oleosa 0.67+0.48 0.60+0.19 NS
4 Millettia brandisiana — 1.17+0.33 e
5 Vitex canescens 0.23+0.11 0.70+0.2 .
6 Tectona grandis 0.13+0.10 0.47+0.13 -
7 Dalbergia nigrescens 0.33+£0.21 0.60£0.16 *
8 Croton poilanei — 243+1.14 .
9 Hymenodictyon orixense 0.10£0.06 0.73+0.29 e
Generalist species

1 Pterocarpus macrocarpus 2.73£0.66 1.55+0.33 NS
2 Vitex pinnata 0.80+0.31 0.13+0.08 o
3 Dalbergia cultrata 2.07 £0.45 1.20+0.39 NS
4 Colona flagrocarpa 1.10+0.35 0.83+£0.29 NS
5 Canarium subulatum 0.10+0.07 0.23+0.14 NS
6 Terminalia alata 0.07 £0.07 0.47 £0.47 NS

Forest types were compared using the Mann-Whitney U test. *p <0.05, * p<0.01, and ***p <0.001.

TABLE 4: Spearman’s rank correlations between the physical factors
of photosynthetically active radiation (PAR), soil moisture content
(SMC), and soil bulk density (SDb), and distance from the edge to
the forest interior (Dis), and nonmetric multidimensional scaling
(NMS) ordination axes for mature trees along the edge-interior
gradients of both dry deciduous forest and mixed deciduous forest
edge sites in the Mae Khum Mee subwatershed.

Environmental variable NMS1 NMS2 NMS3
PAR (umol photons m > s™')  0.788** -0.133 0.101
SDb (g cm™) 0.950** 0.020 0.033
SMC (%) -0.880**  -0.224 0.089
Dis (m) 0.107 -0.625*  0.200

*p<0.05and **p<0.01.

in the MDFs [36]. This increased exposure to fire likely
caused high mortality of the seedlings and saplings of MDF
species during the dry season [35], as these species have low
fire resistance (i.e., resprouting ability) compared with
DDF species [29].

All stages of the generalist species (mature, saplings, and
seedlings) were able to colonize the edge-interior gradients of
both DDFs and MDFs, which suggests that generalist species
had characteristics of early successional species (i.e., growing

in newly disturbed sites) and were affected by disturbance
intensity and type (e.g., wildfire and clear-cutting) [37].
Ecological specialists (i.e., DDF and MDF species) are ex-
pected to benefit from environments that are relatively ho-
mogeneous (in space and time), whereas generalist species
should benefit from environments that are heterogeneous
[38]. Generalist species use various habitat types within the
landscape matrix and would therefore be less affected by
habitat fragmentation [39]. For example, in Thailand, Pter-
ocarpus macrocarpus (a generalist species) is dominant in
secondary deciduous forests [40, 41], and in the present study,
it was a dominant species in both primary DDFs and MDFs.
However, the edges surrounding any given restoration area
are more likely to be secondary forest than primary forest.

4.2. Factors Determining Woody Species Colonization. The
canopies of deciduous forests are more open than those of
rain forests, and leaf shedding during the dry season in-
creases canopy opening [42]. Consequently, gradients of
forest-edge microclimates are expected to be less hetero-
geneous in dry forests than in rain forests, perhaps leading to
more moderate effects on resident species. In addition,



International Journal of Forestry Research 9

M-CRP! %
R D-STN 5
M-PHBRA S PANIG
.
M-VICAN D-BOANC
. L]
5 D-QUKER
G-COFLA ‘G DACUL . Q
SMC .
M-TEGRA
MoXYXYL 2 D-BULAN
.
SDb
G-VIPIN PAR D-SHOBT Axis
D-BURET D-DAOLI
. D-LACOR
M-MIBRA G-PTMAC
. .
«D-MIROT D-DIOBT
.
D-APNIG
. )
M-HYOR G-CASUB
.

FIGURE 4: Nonmetric multidimensional scaling (NMS) ordination diagram of the distance from the edge to the forest interior (Dis, m), and
the physical environmental variables (SMC, %; PAR, ymol photons m s™'; SDb, g cm ™) affecting the distribution of woody tree species

(DDF species (D), MDF species (M), and generalist species (G)) along the edge-interior gradients of different forest types (DDF and MDF)
in the Mae Khum Mee subwatershed, Phrae Province.

TaBLE 5: Significant factors in the generalized linear mixed models of species with >30 stems, selected to minimize Akaike’s information
criterion. The variables included physical environmental factors (photosynthetically active radiation (PAR, umol photons m2s™") at 1.3 m
above the ground, soil moisture content (SMC, %), soil bulk density (SDb, gcm_3)), factors related to forest structure (basal area (BA,

m*ha™"), mature tree density (TD, stem ha™")), and recruitment factors (distance from the edge to the forest interior (Dis, m), conspecific
adult density (CD, stem 0.01 ha™%)).

Speci Physical environment Forest structure Recruitment

ecies

P PAR SDb SMC BA D Dis o)
Deciduous dipterocarp forest species

1 Aporosa nigricans -0.005"* 0.155** 0.025**

2 Shorea obtusa 0.147*** -4.979**" 0.022***

3 Strychnos nux-vomica -8.766" 7.011** -0.211%"

Mixed deciduous forest species

1 Millettia brandisiana -0.010* -10.488*** -0.185*** -0.018*

2 Dalbergia nigrescens 0.002** -0.175** 0.637**
3 Schleichera oleosa -0.074* 5.930** -0.183** 0.859***
4 Croton poilanei -0.103* 5.36*** -0.386"**

5 Vitex canescens -0.168" 0.686""
Generalist species

1 Dalbergia cultrata -0.105*** -0.381***
2 Pterocarpus macrocarpus 7.996* 8.440™** -7.200" -1.648"
3 Vitex pinnata 0.374*"

*p<0.05 **p<0.01, and ***p <0.001.

species that are strongly affected by fragmentation may  results suggest that the canopy trees of DDFs are better able
occur less frequently within the reduced species pool of dry ~ to establish under extreme drought conditions (i.e., high
forests [43]. In this study, the colonization rates of mature  light intensity and dry and dense soil). The species com-
trees of DDF species were strongly positively affected by  position of DDFs was characterized by low stem densities of
PAR and SDb and negatively affected by humid soil. These ~ deciduous species, which promoted high light conditions at
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the forest floor and thus drier soil during the dry season [35].
Deciduous dipterocarp forests also experience stronger ef-
fects of fire, which is promoted by the increased soil erosion
and soil density within the region [29]. Based on soil
properties, we propose the following mechanism to explain
the current vegetative composition that became once the
original vegetation was destroyed [2]. The extremely dry soil
conditions currently found in the DDFs are not an intrinsic
property of forest soil; instead, this environment is generated
by the high light conditions created by leaf habit and a
deciduous life history [44], as well as the removal of the
original vegetation [2].

Most of the determining factors, i.e., physical factors,
forest structure, and recruitment limitation, strongly af-
fected the colonization of saplings and seedlings of DDF
species, suggesting that these species are critical early col-
onizers of forest-edge habitats. Humid soils appear to favor
the colonization of saplings and seedlings of DDF species;
however, such conditions are rare along the edge-interior
gradient of DDFs, due to frequent drought conditions
created by leaf shedding and high light intensity at the forest
floor, which facilitates the evaporation of soil moisture [45].
The colonization of saplings and seedlings of DDF species
was also limited by the Dis; areas close to the edge are
typically highly disturbed, suggesting that the colonization
of saplings and seedlings was determined by site limitation
[13]. The edge effects associated with habitat fragmentation
are a structurally dissimilar matrix and associated with
changes in environmental conditions [46]. The microclimate
at the forest edge differs from that of the forest interior,
particularly in incident light and humidity [46]. Such en-
vironmental shifts cause changes in the abundance and
distribution of species, either as a direct result of altered
physical conditions or indirectly via the physiological tol-
erances of species to conditions at and near the edge (i.e.,
higher light levels, wind exposure, higher temperatures, and
lower humidity) [9]. These findings indicate that the seed-
lings and saplings of DDF species are unable to colonize
areas near forest edges, and do not develop to maturity.

The colonization rates of mature trees of MDF species
were strongly positively affected by humid soil. Indeed, the
SMCs at the MDF sites were higher than at the DDF sites.
Typically, the content of clay-sized particles in the soil of the
MDFs is higher than in the DDFs, resulting in increased
moisture retention in the MDF soil [47]. The SMC is also
higher under more woody vegetation (i.e., a dense canopy)
compared with forests with less woody vegetation (i.e., an
open canopy), due to the positive effects of shading by the
canopy. Thus, the cooler below-canopy temperatures results
in a higher relative humidity inside the forest, assuming a
constant absolute air water content. An additional impact of
soil on the forest microclimate results from evaporative
cooling or the latent heat flux [48]. The observed lower SDb
in the MDFs was likely due to the greater amount of organic
matter derived from the minimally decomposed humus of
the more diverse tree species within the MDFs.

The colonization rates of the saplings and seedlings of
MDF species were primarily determined by dry soils and
sparse TD, suggesting that juvenile MDF species can
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successfully establish under edge conditions. The canopy
gaps associated with the sparse TD along the edge fosters
direct sunlight, in turn affecting both soil and air temper-
ature; the direct effect on air temperature is assumed to be
larger, as the air is partially mixed and exchanged with open
areas (exterior). Consequently, the forest soils generally
warm more than the in the forest interior [48]. Most MDF
species also experienced limited colonization by conspecific
adult trees, suggesting seed limitation at the MDF site [13].
The mother trees are required for successful establishment.
Natural regeneration is the least expensive approach to the
rehabilitation of degraded areas, as long as prior distur-
bances left residual colonization sources (e.g., soil seed
banks, mother trees, and sprouts) that could serve as suc-
cession primers [49]. The transition from the edge to interior
in fragmented areas may depend upon newly arrived fresh
seeds from mother trees [50]. For example, MDF species
such as Tectona grandis and Xylia xylocarpa are dispersed by
gravity and are dispersed close to the mother tree [30].
However, the canopy trees of the MDFs experience high
rates of illegal logging by local people, particularly in edge
areas. In the developing countries of Asia, MDFs are more
often illegally disturbed compared with other forest types
[51], because their fertile soil promotes high abundances of
dominant species that are also economically valuable (i.e.,
Tectona grandis and Xylia xylocarpa) [30, 41]. These factors
contribute to the relatively low colonization rates of some
MDF species within edge habitats.

The colonization of mature trees of generalist species
appeared to be much less affected by the factors limiting the
colonization of DDF and MDF species. This confirmed why
generalist species establish so successfully in both DDFs and
MDFs. By definition, generalist species are able to thrive
under a wide array of environmental conditions and can
utilize a variety of different resources [52]. Generalists also
play critical roles in ecosystem functioning and should be
incorporated into conservation and monitoring programs.
Because generalists are resilient to population declines, the
conservation of generalists to promote biodiversity depends
on maintaining a connected forest landscape with a mosaic
of plants at different successional stages [52]. Our results
indicated that the colonization of saplings and seedlings of
generalist species was positively affected by high light and
dry soil and negatively affected by the density of conspecific
adult trees, suggesting that these species can successfully
establish under conditions characteristic of forest edges [9].
Therefore, generalist species appear to follow community
assembly rules, particularly in habitats where communities
are subjected to varying levels of disturbance [53]. Therefore,
forest-edge restoration efforts should incorporate generalist
species, as the distinction between generalist and specialist
species can help to pinpoint general mechanisms of species
filtering, similar to approaches using species traits rather
than the species themselves.

4.3. Implications for Deciduous Forest-Edge Management.
We found that DDF and MDF species experienced difficulty
in colonizing edge habitats within both DDFs and MDFs,
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primarily due to recruitment limitations, the physical en-
vironment, and factors related to forest structure. The
colonization of saplings and seedlings of DDF species was
determined by humid soil in areas farther along the edge-
interior gradient, whereas mature trees exhibited high
abundance on dry soil. The colonization of saplings and
seedlings of MDF species was negatively affected by dry soil
and low stem density but positively affected by the density of
conspecific adult trees; however, mature trees were abundant
on humid soil and experienced more frequent disturbance
from illegal logging. Thus, reducing detrimental environ-
mental factors and recruitment limitation (i.e., seed and site
limitations) is required for the rapid restoration of DDF and
MDF species along forest edges. The first step toward the
rapid recovery of forests is to consider capitalizing upon the
natural regeneration of generalist species, such as Pter-
ocarpus macrocarpus, Dalbergia cultrata, Vitex pinnata,
Canarium subulatum, Colona flagrocarpa, and Terminalia
alata. They experience substantially fewer recruitment
limitations when compared with MDF and DDF species.
These generalist species are better able to regenerate under
high light conditions and/or low soil moisture, and they
require fewer conspecific adult trees; such conditions are
specific to forest-edge habitats. Planting species-enrichment
initiatives in areas close to forest edges may facilitate the
restoration of DDF and MDF ecosystems, primarily because
the successful establishment of generalist species within edge
areas will positively affect forest community composition
and the physical environment, allowing the system to more
closely resemble primary forest over time [15]. Such con-
ditions would facilitate the regeneration of both DDF and
MDF species, which have difficultly regenerating in such
areas. However, seed recruitment limitation may still occur
and may require planted species enrichment up to 100 m
from the forest edge into the forest interior, to promote
species colonization and accelerate the restoration process.
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