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Abstract

Processes of natural regeneration in highly fragmented landscapes are strongly influenced by edge environments due to the
effects of vegetation cover on microclimate conditions. These effects may be diminished or exacerbated through synergistic
interactions with extreme climatic events such as drought. This study assessed the growth and physiological responses of five
native tree and shrub species (Quercus acutifolia Neé, Q. castanea Neé, Pinus oaxacana (Mart.) Mirov, Dodonea viscosa (L.)
Jacq., Rhus virens Adams) to microsites along edge gradients occurring between forest remnants and openings of different sizes
(<0.1 and >1 ha) in both a highly fragmented and a relatively undisturbed adjacent landscape over a 2-year period (1 year with
normal rainfall and one with extreme drought). Of the species studied, the shrub seedlings had significantly lower mortality
(3—13%) than the oak (37-53%) and pine (35%). Seedling survival for all species was greatest in the edge and forest understory
environments, suggesting that vegetation cover may have a facilitative effect on seedling regeneration. Greater survivorship and
biomass of the shrub seedlings, especially in the open microsites, was attributed to their root system having a sufficient biomass
and depth to more effectively access deeper water supplies. Interactions between edge effects and an extreme drought event were
found to have a more pronounced impact on the performance of oak and pine seedlings compared to shrub seedlings. Patterns of
pre-dawn water potential (4 < —3.8) and leaf phenology (slow turnover) indicated that oak species experienced high water
stress that prevented their successful establishment in open environments, especially during drought years. In contrast, shrub
seedlings, and to a lesser extent pine seedlings, maintained higher pre-dawn moisture potentials (l//pd > —2.9) and greater
phenological plasticity (fast turnover) in response to drought, contributing to greater growth and survival success. To effectively
manage fragmented tropical highland oak forest landscapes for reestablishment of the native oak ecosystem, there is a need to
understand the complex and often synergistic interactions between different plant species, the edge environment, and climatic
variability that strongly influence regeneration processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Studies in both temperate and tropical regions have
documented how habitat fragmentation modifies
regeneration dynamics and species composition of
vegetative communities, and subsequently how exist-
ing species respond to new disturbances occurring at
decadal time scales (Wilcox and Murphy, 1985; Saun-
ders et al., 1991; Sarmiento, 1997; Ferreira and Laur-
ance, 1997; Laurance, 2000; Doak et al., 1992; Turner
et al., 1998; Bunnell and Huggard, 1999; Martinez-
Garza and Gonzalez-Montagut, 1999). Expression of
ecological processes in fragmented landscapes is
strongly determined by the predominance of edge
environments between adjacent vegetation commu-
nities that formed following disturbance events. These
edges can control changes in microclimatic conditions
as well as the distribution and availability of resources
required by plants to establish and grow (e.g., Forman
and Godron, 1986). Edges represent the boundary
across which regeneration of plant species typical
of a mature forest must eventually reestablish if
habitat recovery is to occur (Chen et al., 1992;
Matlack, 1994; Benitez-Malvido, 1998; Burke and
Nol, 1998; Euskirchen et al., 2001; Gelhausen et al.,
2000; Laurance, 2000).

Regeneration in fragmented landscapes may also be
strongly influenced by existing vegetation cover.
Seedling growth may be enhanced when growing at
forest edges or in the understory due to the ameliorat-
ing effects of mature trees and shrubs on abiotic
microsite conditions (Castro et al., 2002). The main
facilitative effect may result from shading, which
protects seedlings against high irradiance and tem-
peratures but also results in higher soil moisture levels
due to lower evapotranspiration rates under shade
(Joffre and Rambal, 1988; Belsky et al., 1989; Brea-
shears et al., 1997). Deeply rooted trees and shrubs
may also enhance water availability through hydraulic
lifting processes (Richards and Caldwell, 1987; Cald-
well and Richards, 1989; Dawson, 1993). Since moist-
ure availability is often the most important
determining factor affecting plant establishment and
growth following disturbance in dry climatic regions
(Gordon et al., 1989; Barton, 1993; Pugnaire and
Haase, 1996; Paez and Marco, 2000; Zavala et al.,
2000; Meentemeyer et al., 2001), edge environments
may provide critical regeneration sites in fragmented

landscapes. However, tree cover may also decrease soil
moisture availability due to higher levels of transpira-
tion and water uptake by mature trees in more dry
climates (Joffre and Rambal, 1993; Belsky et al., 1993;
Breashears et al., 1997). Thus, site-specific interactions
between climate, vegetation, and disturbance may lead
to differential effects on seedling regeneration pro-
cesses; however, these effects have not been adequately
examined (Asbjornsen et al., in press).

Oak forests historically dominated a large portion of
the tropical and subtropical highlands of Mexico,
Central America, and South America and have been
areas of human settlement for centuries. Today these
forests are severely fragmented due to land conversion
to agricultural and grazing, combined with harvesting
of trees for a variety of purposes (Rzedowski, 1978;
Gonzalez-Espinosa et al., 1991; Quintana-Ascencio
et al., 1992; Nixon, 1993). However, in recent decades
some tropical highland regions, such as in southeastern
Mexico, have experienced reductions in human popu-
lation pressures due to increased out-migration and
shifts in local livelihood strategies towards external
employment and market opportunities. These changes
in land use patterns and population dynamics may be
creating new opportunities for the regeneration and
restoration of the native highland oak forests. However,
a major unknown is whether tropical highland oak
forests are sufficiently resilient to successfully rees-
tablish on areas where the original forest cover has
been removed due to previous land use activities and
where abiotic and biotic conditions have been drasti-
cally altered (Gonzalez-Espinosa et al., 1991).

While oak species native to temperate moist cli-
mates have been widely studied, and a large knowl-
edge base exists on their shade tolerances, drought
adaptations, and regeneration characteristics (e.g.,
Johnson et al., 2002, and references therein), a paucity
of research has been conducted on oak forests com-
mon to tropical highland regions. The unique envir-
onmental conditions of these high-elevation tropical
mountains (e.g., highly seasonal rainfall, long growing
season, high irradiance) preclude transferring much of
the research already conducted in other mountainous
regions located at middle-latitudes (Leuschner, 2000).
In particular, our understanding is limited of how
edges affect microclimate and regeneration processes
in fragmented landscapes, and the implications of
these interactions for management practices aimed
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at achieving long-term resilience and sustainability of
high-elevation tropical forests.

Our study was conducted in fragmented landscapes
supporting seasonally dry tropical oak forests in south-
eastern Mexico. We hypothesized that the capacity
and rate at which oak seedlings and other native plant
species successfully reestablish the successional path-
ways to form native oak forests in highly fragmented
landscapes (i.e. pre-dating the period of the intensive
land use) will be strongly determined by their ability to
adapt to the range of microclimatic conditions existing
across edge environments. To understand the under-
lying mechanisms affecting successional processes,
we designed our study to answer the following ques-
tions: (1) Do plant species from different successional
seres vary in their establishment success and growth
response to different microclimate conditions occur-
ring across edge environments? (2) Does the degree of
habitat fragmentation (i.e., forest cover loss) influence
species’ response to edge microsites? (3) Can differ-
ences in species’ physiological adaptations to moist-
ure stress explain differences observed in their growth
performances? When a severe drought occurred in
1997-1998, the following question was added: (4) Do
severe drought events create synergistic interactions
with existing landscape patterns that can lead to shifts
in individual plant species’ responses and long-term
successional trajectories?

2. Site description

This research was conducted in the Mixteca Alta
region of Mexico, located in the Nochixtlan District in
the southeastern State of Oaxaca in southeastern
Mexico, at approximately 17°N latitude. The study
area is characterized by mountainous topography,
comprised primarily of sedimentary, igneous and
metamorphic geological formations (Ferrusquia-Vil-
lafranca, 1976), while the primary soil types include
lithosols, regosols, cambisols, and small areas with
andisols (Garcia-Mendoza and Cruz, 1993). Climate is
seasonal with a 6-8-month dry season (November—
April), with mean annual precipitation ranging
between 450 and 800 mm (for a more detailed descrip-
tion, see Asbjornsen et al., in press).

The study plots were located in the communal
forests belonging to two adjacent villages (San Pedro

Cantaros Coxcaltepec and Santiago Huauclilla), char-
acterized by different land use histories and, subse-
quently, degrees of forest removal and fragmentation:
in San Pedro Cantaros, the high fragmentation site, a
long history of forest clearing for agriculture and
grazing has created a landscape matrix dominated
by open clearings, interspersed with small forest
remnants that often have a high degree of patchiness
due to small openings resulting from harvesting of
trees for fuelwood and charcoal production. Most of
the large clearings had been abandoned during the past
8-10 years; however, charcoal production continues
today within many of the forest remnants.

The dominant vegetation type at the two study sites
was drought deciduous oak forest typically occurring
between 1500 and 2500 m elevation with an average
canopy tree height of 10-15 m (Salas et al., 1994).
Dominant mature forest species included: Quercus
acutifolia Neé, Q. segouiensis Liebm., Quercus cas-
tanea Neé, Juniperus deppeana Adams, and Arbutus
glandulosa DC. Vegetative cover in the clearings was
predominantly grasses and forbs, although the follow-
ing successional woody species often occurred, espe-
cially along the edges: Pinus oaxacana (Mart.) Mirov,
P. lawsonii Roezl ex Gord., Rhus virens Gray, Bac-
charis conferta H.B.K., Arctostaphylos pungens
Kunth., Dodonaea viscosa (L.) Jacq., and J. deppeana
Adams. Although plant species composition was simi-
lar at the two sites, forest structure varied due to their
different land use histories: Huauclilla supported pre-
dominantly mature old growth forest, while Cantaros
had young successional forest with the majority of the
trees regenerating from stump sprouts. Based on the
similar biophysical and climatic conditions existing at
the two sites, we assumed that the original vegetation
cover prior to land use activities had also been similar.
In the absence of extant interior forest habitat, the
relatively less disturbed mature forests in the low
fragmentation site served as ‘reference’ conditions
to which the high fragmentation site was compared.

3. Materials and methods

3.1. Experimental design

The study design consisted of three replicate plots
established for each of the following types of forest
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openings in the summer of 1994: (1) ‘small’ openings
(<0.1 ha), (2) ‘large’ openings (>1.0 ha) in the highly
fragmented landscape of Cantaros, and (3) ‘reference’
openings within the less fragmented landscape of
Huauclilla (<0.1 ha). Each plot was stratified by the
following four microsites (subplots) located along a
transect from the center of the forest opening into the
forest interior perpendicular to the south facing edge:
(1) ‘open’ (approximate center of the clearing), (2)
‘outer-edge’ (5 m into the shrub vegetation from the
forest edge), (3) ‘inner-edge’ (5 m into the forest
vegetation from the forest edge), and (4) ‘forest’
(30 m into the forest vegetation from the forest edge).
At each microsite within each of the nine patches, a
4m x 1m fenced exclosure was constructed of
chicken wire (mesh size =2.5cm) in February
1996; the long side of each exclosure was positioned
parallel to the forest edge in order to minimize envir-
onmental variability within each exclosure due to edge
effects. Fenced exclosures were needed to protect
transplanted seedlings from trampling and grazing
damage by animals, as well as from disturbance by
humans.

Seedlings of five native plant species belonging to
three different successional seres were grown from
seed in a tree nursery located in the community of San
Pedro Cantaros: Dodonea viscosa (L.) Jacq. and R.
virens Gray (early successional shrub species), P.
oaxaca (Mart.) Mirov (mid-successional tree species),
Q. acutifolia Neé and Q. castanea Neé (mature canopy
late-successional tree species). Seeds were collected
from trees growing at the study site, either directly
from the plants (D. viscosa, R. virens, and P. oaxa-
cana) or as freshly fallen acorns (Quercus spp.). Seeds
were sown in seedbeds containing a 1:2:1 mixture
of sand, soil and forest humus. The forest humus
was collected from sites dominated by the correspond-
ing plant species for which it was being used, to
ensure that the appropriate mycorrhizal fungal inocu-
lum was present. Once germinated, seedlings were
transplanted to polyethylene bags containing the same
soil mixture. In June 1996, seedlings (with the soil
growth medium intact) were transplanted from the
polyethylene bags into the fenced exclosures; this
minimized disturbance to the roots and reduced trans-
plant shock. Seedlings were planted within the exclo-
sures according to a random systematic design with a
minimum of 20 cm spacing between seedlings. The

number of seedlings planted per exclosure varied
according to availability of plants: 8-10 Quercus
spp. and P. oaxacana, nine D. viscosa, and four R.
virens. A buffer zone of 20 cm was maintained
between the seedlings and the fence.

Seedling growth was monitored every 6 months
(during both wet and dry seasons) by measuring
seedling height and counting the number of leaves
(for pine seedlings, average leaf length was measured
rather than number of leaves). Leaf bud production,
leaf expansion, and leaf senescence and abscission
were recorded every 2 weeks during the dry season
(November—May) and monthly during the wet season
(June—October). Seedling mortality was recorded at
each of the collection times.

Seedlings were harvested in February of 1998, 2
years after out-planting. At the time of harvesting, pre-
dawn leaf water potential (}/,q) was determined for
3-5 seedlings of each species growing in the open and
forest microsites for each plot. In cases where there
were not enough seedlings of a particular species in a
microsite, seedlings were selected from the shrub and
edge microsites as representative of the open and
forest microsites, respectively. Measurements of g
were taken between 4:30 and 6:30 a.m. using a por-
table pressure chamber (Plant Moisture Stress Instru-
ment Company, Corvallis, OR, USA). For small
seedlings (i.e., oaks and pines) the entire stem was
cut and used to determine 4. For large seedlings
(i.e., most D. viscosa and R. virens seedlings) the
upper portion of the central stem or a branch was
cut and used for the y,q measurement. Each seedling
was measured immediately after cutting the stem. For
statistical analysis, the data were pooled by species
and microsite.

After harvesting the seedlings, stem length, total
number of leaves, maximum root length, and number
of lateral roots were recorded for each seedling.
Leaves were cut from the stem at the petiole and leaf
area determined for all green leaves using a CI-202
portable leaf area meter (CID Inc., Vancouver, WA).
Three repeated measurements were taken for the
leaves of each plant and an average used for the final
value. For the belowground portion of each seedling,
total root length and number of lateral root branches
were determined. All plant components were dried to
a constant weight at 70 °C and dry weight biomass
determined.
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Table 1
The statistical model used in the analysis of variance for all
response variables

Source d.f. Error term used in test
Size 2 Plot(size)
Plot(size) 6

Microsite 3 Microsite(plot,size)
Microsite X size 6

Microsite(plot,size) 18

Species 4 Error

Size x species 8 Error

Micro X species 12 Error

Size x micro X species 24 Error

Error 68

3.2. Statistical analysis

Analysis of variance for a split plot design (whole-
plot = size; subplot = micro; subsubplot = season)
was used to test for significant main effects and
interactions among treatments on seedling growth,
phenology, mortality, and pre-dawn soil moisture
(SAS Institute, 1995). For seedling height, relative
height increments (calculated as the increase in height
between two consecutive recording times) were used
in order to account for differences in the initial heights
among seedlings at the time of planting (determination
of relative values for biomass was not possible due to
lack of seedling biomass data at the time of planting).
Contrasts were performed within analysis of variance
to assess interaction terms and differences between
individual treatment effects (see Table 1 for statistical
model). When necessary, log-transformations were
performed in order to normalize the data or account
for the use of percentage data.

Table 2

4. Results

4.1. Seedling height growth, root length, and
biomass accumulation

During the 2-year study period, relative height
growth was generally greatest for the two early suc-
cessional species (D. viscosa and R. virens), inter-
mediate for P. oaxacana, and least for the two mature
forest oak species (Q. acutifolia and Q. castanea),
although only differences between the oaks compared
to all other species were significant (Fig. 1). All
species experienced some die-back, although die-
back was especially pronounced for the oak seedlings
(data not shown). Comparing across microsites, no
strong patterns in height growth were apparent. In
contrast, when comparing across opening types, there
was a strong trend suggesting greatest height growth
in the reference openings, intermediate in the small
openings, and least in the large openings (Fig. 1).
Maximum root length and number of lateral root
branches were greatest for the shrub seedlings, inter-
mediate for the pine seedlings, and least for the oak
seedlings (Table 2). Although differences between
open and forest microsites were not significant,
D. viscosa appeared to exhibit some degree of plas-
ticity across the microsites, with greater root length
and number of lateral roots produced in the open
microsites.

For all species, total seedling biomass was signifi-
cantly greater for seedlings growing in the open
microsites compared to the other three microsites,
while biomass for seedlings growing in the forest
microsites was generally lowest (Fig. 2). However,

Mean (£S.E.) maximum root length and number of lateral branches for seedlings growing in different microsites (open, outer-edge, inner-

edge, forest) located along the edge gradient

Species Root length (cm) Number of lateral branches

Open Forest Open Forest
Q. acutifolia 9.4 (0.9) ¢ 10.3 (0.6) ¢ 1.0(0.2) b 1.1 (0.1)b
Q. castanea 8.3 (2.0) ¢ 79 (0.3) ¢ 03(0.2)b 0.4 (0.1) b
P. oaxacana 11.5 (1.4) ab 10.1 (0.3) ¢ 1.6 (0.5) b 09 (0.1) b
D. viscosa 14.6 (0.4) a 13.6 (1.1) a 39(0.3)a 35(04)a
R. virens 12.4 (0.7) ab 12.3 (0.9) ab 33(0.2)a 42(03)a

Lower case letters indicate significant differences across both rows and columns by plant component, using Tukey—Kramer adjustment for

pair-wise comparisons.
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Fig. 1. Mean (£S.E.) total relative height increment (final height — initial height) for seedlings of four species (data for Q. acutifolia
and Q. castanea combined), comparing across different: (a) microsites (open, shrub, edge, forest) and (b) opening size (large, small, and

reference).

there were no consistent patterns in biomass across
different opening sizes, although the exceptionally
high biomass of pine seedlings growing in the large
openings was notable. As expected, there were big
differences in biomass among species, with the oaks
having the lowest biomass and the shrubs having the
highest biomass across microsites (Table 3). For the
oak species, differences in total seedling biomass were
primarily explained by differences in root biomass,
since biomass of leaves and stems did not vary greatly
among microsites (Table 3). For the pine and R. virens

seedlings, biomass of all plant components (stem,
leaves, and roots) was greater for seedlings growing
in the open and shrub microsites, compared to edge
and forest microsites. Similar trends were observed for
D. viscosa, except that stem biomass did not vary
among microsites.

Biomass allocation patterns varied among species
and microsite location (Table 3). Oak seedlings allo-
cated greater biomass to roots (58-77%) and least to
leaf biomass (4.9—18%) compared to all other species.
Greatest allocation to roots occurred in oak seedlings
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Fig. 2. Means (£S.E.) total seedling biomass for seedlings of four species (data for Q. acutifolia and Q. castanea combined), comparing
across different: (a) microsites (open, shrub, edge, forest) and (b) opening size (large, small, and reference).

growing in the shrub microsites. For pine seedlings,
only 24-34% of total biomass was allocated to the
roots, with highest values occurring in the forest
microsites. Pine seedlings allocated between 40 and
50% of total plant biomass to leaf tissue, representing
at least 20% greater allocation to leaf tissue compared
to the other species. D. viscosa allocated between 35
and 39% of total plant biomass to roots, 45 and 50% to
stem tissue, and 12 and 16% to leaf tissue, with
seedlings in the open microsites having greatest allo-
cation to both roots and leaves compared to the other
microsites, although differences between microsites
were not great. Compared to other species, D. viscosa

seedlings allocated at least 50% more biomass to stem
tissue. R. virens allocated a relatively large proportion
of total plant biomass to roots (47-60%), while only
16-27% was allocated to leaves, and 23-31% to
stems.

Total seedling leaf area was greatest for the two
shrub species (43.4-109.5 cm?) and least for the oaks
(4.4-15.1 cm?), however differences among species
were only significant for oak seedlings growing in the
edge and forest microsites (Table 4). Individual leaf
area was smallest for the oak species (1.6-2.9 cm?),
intermediate for D. viscosa (3.6-5.1 cm?), and greatest
for R. virens (5.7-13.5 cm®) (only values for R. virens
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Table 3

Means (£S.E.) seedling biomass and % allocation after two growing seasons by plant component and for total above ground and plant
biomass, for seedlings growing in different microsites (open, outer-edge, inner-edge, forest) located along the edge gradient

Species and Open Shrub Edge Forest
material

x(g) % x(g) %o x(g) %o x(g) %o
Q. acutifolia
Leaves 0.2 f (0.1) 11.8 0.1 £ (0) 10.0 0.2 f (0.1) 15.4 0.1 f (0) 9.1
Roots 1.1 ¢ (0.5) 58.8 0.7 cd (0.2) 70.0 0.8 ¢ (0.1) 61.5 0.8 ¢ (0.1) 72.7
Stem 0.3 de (0.1) 17.6 0.2 e (0) 20.0 0.3 de (0.1) 23.1 0.2 d (0) 18.2
Total 1.7 b (1.0) 1.0 be (0.2) 1.3 b (0.2) 1.1 b (0.1)
Q. castanea
Leaves 0.2 ef (0.1) 15.4 0 ne (0) 0 1.0 £ (0.2) 15.6 0.1 f (0) 16.7
Roots 0.8 ¢ (0.2) 61.5 0.6 d (0) 85.7 2.2d (0.2) 344 0.5d (0.1) 83.3
Stem 0.4 de (0.3) 30.8 0.1 ne (0) 14.3 3.21(0.3) 50.0 0.1 f (0) 16.7
Total 1.3 b (0.2) 0.7 ne (0) 6.4 ¢ (0.7) 0.6 ¢ (0.1)
P. oaxacana
Leaves 3.6a(24) 452 0.9 abced (0.1) 50.5 1.0 cd (0.3) 52.7 0.6 de (0.1) 47.0
Roots 2.3 ¢ (1.8) 28.6 0.5 cd (0) 25.0 0.4 d (0.1) 20.24 0.4 d (0.1) 30.1
Stem 2.1 be (1.5) 26.2 0.5d (0.1) 24.5 0.5d (0.1) 27.02 0.3 de (0.1) 22.9
Total 8.1 a(5.6) 1.9 b (0.2) 1.9b (0.4) 1.4 b (0.2)
Dodonea viscosa
Leaves 1.5 abed (0.4) 17.5 1.1 abed (0.2) 15.0 1.0 abed (0.2) 25.5 0.8 bed (0.1) 19.1
Roots 3.3 ab (0.6) 374 2.7 abc (0.3) 36.4 2.2 be (0.3) 46.1 2.3 be (0.2) 57.5
Stem 3.9 a (0.8) 45.1 3.6 a (0.5) 48.6 3.2 a(0.3) 28.3 3.1 ab (0.3) 23.4
Total 8.6 a (1.8) 7.3 a(0.9) 6.4 a (0.7) 6.1 a (0.5)
R. virens
Leaves 1.9 abc (0.5) 19.3 0.9 abced (0.1) 16.1 2.0 ab (0.3) 25.6 1.2 abed (0.2) 174
Roots 4.4 a (0.5) 55.4 2.8 abc (0.3) 52.9 3.6 ab (0.6) 47.0 3.5ab (0.1) 59.5
Stem 1.8 abc (0.3) 25.3 1.5 be (0.2) 31.0 2.2 abc (0.2) 27.4 1.4 be (0.2) 25.3
Total 8.1a(l.l) 5.2 a(04) 7.7 a (0.8) 6.1 a (0.4)

Lower case letters indicate significant differences across both rows and columns by plant component, using Tukey—Kramer adjustment for

pair-wise comparisons.

in the forest and edge microsites were significantly
different). For all species, leaf area was greater when
plants were growing in the forest understory compared
to the open microsites. In contrast, leaf mass was
greatest for seedlings growing in open microsites,
with highest mass recorded for Q. acutifolia
(35.3 mg/cm?), followed by R. virens (24.9 mg/cm?)
and Q. castanea (20.8 mg/cm?), and D. viscosa having
the lowest leaf mass (15.3 mg/cmz). Due to the low
sample size for the oak seedlings caused by high
mortality rates, differences could not be detected
statistically. Leaf mass for the oak seedlings declined

sharply for the other three microsites (7.4-12.9 mg/
cm?), while leaf mass in the shrub species did not
differ greatly among microsites.

4.2. Phenology

Seedling phenology showed strong patterns asso-
ciated with both microsite location and season, and
varied by species. Data on the relative change in the
number of leaves indicates that leaf turnover was
greatest for the two shrub species, although the tem-
poral dynamics of leaf change varied: D. viscosa had a



Table 4

Mean (£S.E.) individual leaf area, leaf mass, and total plant leaf area comparing between four plant species growing in two different microsites (open, forest) along the edge

gradient

Individual leaf area (cmz) Leaf mass (mg/cmz)

Total plant leaf area (sz)

Open Shrub Edge Forest Open Shrub Edge Forest Open Shrub Edge Forest
Q. acutifolia 1.6 b (0.6) 29ne (02) 20b(03) 44b(04) 353ne(0.3) 7.7ne(l.l) 138ab(1.1) 9.6c (4.9) 15.1 ab (4.8) 13.5 ne (2.7) 11.7 ¢ (2.3) 9.6 ¢ (0.9)
Q. castanea 1.6 b (0.4) 191ne (0.7) 17b(03) 28b (0.8 20.8ne(6.9) 74ne () 131c(23) 122c44) 7.5ab (1.6) 4.4 ne (1.0) 49c¢(1.3) 6.8 ¢ (1.5)
D. viscosa  40b(03) 3.6b(04) 39b(02) 51b(05) 153 ab (0.0) 13.7c¢(0.8) 135c(1.2) 11.7c(1.5) 103.7a(28.3) 80.2ab(11.4) 65.6 ab (10.2) 752 ab (8.1)
R. virens 7.7ab (1.0) 5.7b(0.7) 13.1a(1.6) 135a(26) 249ab((2.8) 265a(44) 203ab(46) 145ab(1.7) 80.1 ab(16.2) 43.4ab (7.2) 109.5a (17.3) 68.8 ab (14.9)
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Fig. 3. Mean relative change in leaf number for seedlings growing in four different microsites, by species and season—WET1: 1st wet season
(July 1996-November 1996); DRY1: 1st dry season (December 1996-May 1997); WET2: 2nd wet season (June 1997-November 1997);
DRY2: 2nd dry season (December 1997—February 1998). For P. oaxacana, mean change in leaf length is reported. Scales on each graph vary.

higher leaf number during the wet season, while R.
virens had the highest leaf number during the dry
season (Fig. 3). Oak seedlings growing in the open
microsites also had a higher leaf number during the
wet season, although the degree of change was sig-
nificantly less than that recorded for the shrub species.
For the pine seedlings, needle length changed strongly
in response to season, with length being greatest in the
wet season and shortest in the dry season, probably

reflecting patterns of senescence and turnover. All
species increased leaf production at the onset of the
wet season; however, only D. viscosa continued to
increase its leaf number throughout the wet season and
continuing on into the following dry season, particu-
larly in the open and shrub microsites (Fig. 4). Pine
seedlings had needle lengths increasing during both the
second wet and dry seasons, with the strongest change
in needle length observed for seedlings growing in the
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for D. viscosa figure is different.

open microsites. In contrast, the oak seedlings did not
continue to produce new leaves after the initial flush
early in the wet season. Comparing across species, D.
viscosa produced more new leaves (average of 14
leaves produced per plant) than all other species
(0.3-3.3 new leaves produced) during the study period.
The total number of leaves senescing on the seedlings
was greatest in the open and shrub microsites com-

pared to the edge and forest microsites; the only
exception was recorded for P. oaxacana seedlings,
which had greater leaf senescence when growing in
the edge and forest microsites (data not shown). Leaf
senescence generally increased during the dry season
for all species, with D. viscosa having a significant
increase in the rate of leaf senescence during the
second dry season.
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4.3. Mortality

Comparing mortality rates among species, Q. cas-
tanea had the highest mortality rate (53%), followed
by Q. acutifolia (37%) and P. oaxacana (35%). R.
virens and D. viscosa had the lowest mortality rates
(13 and 3%, respectively). In general, the greatest
seedling mortality was recorded during the second
year of the study for all species, and mortality was

Quercus acutifolia

H. Asbjornsen et al./Forest Ecology and Management 192 (2004) 313-334

consistently higher for seedlings growing in the open
and shrub microsites compared to the edge and forest
microsites (Fig. 5). Comparing among opening types,
oak and pine seedlings growing in the large and small
openings in the highly fragmented landscape had
greater mortality than in the reference landscape,
although these trends were not significant (Fig. 6).
In general, differences in mortality rates between both
microsites and opening types were more pronounced
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Fig. 5. Percent seedling mortality by species for different time periods (1, December 1996; 2, February 1997; 3, February 1997; 4, February
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Fig. 6. Mean (£S.E.) percent seedling mortality for seedlings of five species, comparing across different opening sizes (large, small, and

reference), 2 years following transplanting to the field.

for the oak and pine species compared to the shrub
species.

4.4. Pre-dawn water potential

The physiological response of the seedlings to soil
moisture availability as reflected by g varied sig-
nificantly among species. Q. acutifolia and Q. casta-
nea consistently exhibited the lowest y,q (—3.89 and
—3.75 MPa, respectively), followed by R. virens and
D. viscosa (—3.14 and —2.85 MPa, respectively)
(Table 5). P. oaxacana maintained the highest 4
of all the species (—2.21 MPa).

When comparing across microsites, data from the
open and shrub microsites were pooled (‘open’) and
data from the edge and forest microsites (‘forest’)

Table 5

Means (£S.E.) for pre-dawn leaf water potentials (Y,q) for
seedlings growing in open and forest microsites, and for all
seedlings pooled

Species Wpd

Microsites Open Forest

pooled microsite microsite
Q. acutifolia —4.0 (0.1) —4.0 (0.2) -3.9(0.2)
Q. castanea -3.8(0.2) —3.8(0.5) —3.7(0.2)
D. viscosa —-2.9(0.1) —2.4(0.1) —3.5(0.1)
P. oaxacana —2.1(0.1) —2.2(0.1) —2.1 (0.1)
R. virens —3.1(0.1) —2.9 (0.2) —-3.4(0.2)

were pooled because high mortality rates resulted in
low total sample sizes. Only D. viscosa and R. virens
had significantly different y,q between the two cate-
gories of pooled microsites, with seedlings of both
species having the lowest /4 in forest microsites
(—3.50 and —3.36 MPa, respectively) compared to
open microsites (—2.37 and —2.93 MPa, respectively)
(Table 5). For the oaks and pines, no significant
differences in /,q were recorded when comparing
between microsites.

5. Discussion

The results of our study suggest that differences in
seedling growth and physiological characteristics
strongly influence establishment success, and that
regeneration processes are further mediated by micro-
climate change across edge environments and annual
climatic fluctuations, and to a lesser extent, by the
degree of habitat fragmentation in the landscape.
Although the relatively short 2-year time frame of
the study limits our capacity to make long-term projec-
tions about seedling survival and successional pro-
cesses, our results do reveal patterns about
differences among species during the critical establish-
ment phase. The role of individual plant species, the
edge environment (microsite variability), and land-
scape characteristics (degree of habitat fragmentation)
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in controlling regeneration dynamics in these highland
tropical landscapes are discussed below.

5.1. Plant species’ growth and physiological
characteristics

Differences in growth traits and physiological
responses exhibited by the species examined in this
study appear to be strongly related to species’ life form
and successional sere. In particular, the low total
seedling biomass (1.1-1.9 g) and exceptionally high
mortality rates (20 to >80%) of the oaks and pines
contrasted sharply with the high total seedling bio-
mass (5.2-8.6 g) and relatively low mortality rates (3—
13%) of the shrubs. The low relative height growth and
total seedling biomass of the two oak species, Q.
acutifolia and Q. castanea, agrees with other studies
suggesting that oaks generally have conservative
growth strategies (Gudmunds and Barbour, 1987;
Lloyd and Waldrop, 1992; Chaar et al., 1997). Con-
servative growth strategies (i.e., slow relative growth
rates, greater allocation to belowground structures,
longer leaf longevity, more resistant leaf structures)
may be important adaptations for tolerating stress and
providing a long-term competitive advantage when
resources are scarce, but constraining growth when
resources are more abundant (Grime, 1977; Bazzaz,
1979; Lambers and Poorter, 1992). Shoot die-back,
another important adaptive response of oak species to
unfavorable conditions that enables rapid reduction in
leaf area followed by resprouting once conditions
become more favorable (Crow, 1992; Crunkilton
et al., 1992; Collet et al., 1997; Chaar et al., 1997),
was also especially pronounced in the two oak species.
P. oaxacana seedlings were distinguished by their
significantly lower height growth when growing in
the forest understory compared to more open environ-
ments, which agrees with the light-demanding and
highly drought-tolerant growth strategy common to
the genus Pinus (Vance and Zaerr, 1991; Pallardy et al.,
1995). The relatively rapid height growth and high
biomass observed for the two shrub species, D. viscosa
and R. virens, indicate an opportunistic growth strat-
egy characteristic of early successional species (i.e.,
fast relative growth rates, greater allocation to pro-
ductive tissues, and faster leaf turnover rates; Grime,
1977, Bazzaz, 1979; Lambers and Poorter, 1992). D.
viscosa’s faster growth and higher specific leaf area

and total leaf area suggested that it was the most
highly opportunistic of the two shrub species.
Pre-dawn soil water potential, which integrates
spatial heterogeneity in soil moisture available to a
plant across its entire root system (Ritchie and Hinck-
ley, 1975; Fahey and Young, 1984; Mitchell et al.,
1993), appeared to explain some of the differences
observed in growth response of the different species.
The extremely low /4 recorded for Q. acutifolia and
Q. castanea seedlings (—4.0 and —3.8 MPa, respec-
tively) suggests that high mortality of oak seedlings
may be related to moisture stress. Although certain
xeric oak species were found to exhibit low 1,4 and
high capacity to sustain stomatal opening under
drought stress (Parker et al., 1982), poor stomatal
control (Abrams, 1990) combined with high vulner-
ability to water stress-induced xylem embolism
(Cochard and Tyree, 1990; Shumway et al., 1993;
Davis et al., 1998) may limit the establishment of
shallow-rooted seedlings under conditions of high
water stress (Meentemeyer et al., 2001). In contrast
to the oaks, the shrub species maintained higher
average Y,q (—2.9 MPa), indicating more favorable
seedling water status. The pine seedlings consistently
maintained the highest i,q of all the species
(—2.1 MPa), likely associated with conservative water
use patterns typical of many conifer species in which
desiccation is avoided by minimizing transpiration
during drought (DeLucia and Schlesinger, 1991; Fre-
dericksen et al., 1993; Royce and Barbour, 2001).
Similarly, conifers have also been shown to be more
sensitive to vapor pressure deficits than broad-leaved
species, as reflected by rapidly declining stomatal
conductance under moisture stress (Marshall and War-
ing, 1984). Although photosynthesis is reduced when
Wpa increases in response to drought due to stomatal
closure, total productivity can still be relatively high
due to year-round photosynthesis (Schoettle and
Fahey, 1994; Waring and Franklin, 1979). Drought
effects on pine seedlings may therefore have been less
severe than on oak seedlings due to their capacity to
control water loss by maintaining higher /4.
Varying phenological responses among species to
drought may also help explain their different growth
patterns observed in this study. Although leaf produc-
tion was highest for all species when growing in high
light environments, as found in other studies (Quin-
tana-Ascencio et al., 1992; Nilsson and Hallgren,
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1993; Thadani and Ashton, 1995; Negi et al., 1996),
exceptionally high leaf production and turnover rates
in D. viscosa contrasted sharply with the slower rates
in the other species. Production of new leaves by D.
viscosa seedlings was particularly pronounced during
the extreme drought, during which D. viscosa pro-
duced an average of 14 new leaves per seedling
compared to only 0.3-3.3 new leaves per seedling
produced by the oaks and R. virens. Thus, high rates of
leaf senescence and turnover may be a physiological
adaptation enabling D. viscosa to quickly drop its
leaves in order to avoid moisture stress, thereby
minimizing water loss from transpiring surfaces,
and to flush new leaves once conditions became
favorable again (Stone and Bacon, 1995; Correia
and Martins-Lougdo, 1997; Arndt et al., 2001). Like
D. viscosa, pine seedlings growing in the forest edge
and understory microsites also had high leaf senes-
cence. Leaf shedding in response to moisture stress
has also been documented for P. radiata (Raison et al.,
1992). However, unlike the shrub species, leaf produc-
tion and turnover in pine seedlings was also low. This
may be a result of the pine’s light-demanding physiol-
ogy and inability to maintain a favorable carbon
balance in shady conditions. Leaf shedding in
response to drought stress appears to be much less
common in oak species (Pallardy and Rhoads, 1993),
while other traits such as production of xeromorphic
leaf structures and high leaf longevity may be more
important for tolerating environmental stress (Chabot
and Hicks, 1982; Lambers and Poorter, 1992; Salleo
et al., 1997).

The two major life forms represented by the species
included in this study—trees and shrubs—appear to be
a determining factor affecting the observed differ-
ences among species in their growth and physiological
responses. Trees, even at the early seedling stage, tend
to allocate greater proportions of photosynthate to
woody structures and, in turn, have slower growth
rates and smaller leaf area ratios (total leaf area/plant
dry weight) than shrubs or herbaceous plants (Corne-
lissen et al., 1996), as reported in our study. In general,
evergreens have greater allocation to non-photosyn-
thetic leaf structures and lower relative growth rates
compared to deciduous species (Cornelissen et al.,
1996); however, these findings were not supported by
our results, possibly due to the longer leaf life span in
tropical oaks, which may cause their biomass alloca-

tion patterns to more closely resemble that of ever-
green conifers. Although trees were found to obtain
water from deeper sources than grasses and shrubs and
therefore maintain coexistence through effective par-
titioning of resources (Dodd et al., 1998), young oak
seedlings (<2 years old) were reported to compete
directly with grasses for the same water source (Welt-
zin and McPherson, 1997). Thus, differing physiolo-
gies among tree and shrub life forms, combined with
changing resource use patterns associated with life
history stage, may further explain differences among
species’ responses to environmental stress observed in
our study.

Although Q. castanea was predicted to be the more
drought tolerant of the two oak species based on its
smaller leaf size and slower growth rates (Pallardy and
Rhoads, 1993; Long and Jones, 1996), the greater
survival rate observed for Q. acutifolia contradicted
these expectations. Both species allocated greater
biomass to roots than to aboveground plant compo-
nents, which is consistent with a drought adaptive
strategy of xeric oak species (Matsuda et al., 1989;
Abrams, 1994; Long and Jones, 1996). However,
higher relative growth rates of Q. acutifolia enabled
the establishment of a greater total root mass and root
length, which likely enhanced its capacity to access
moisture during the second year drought. Further, low
leaf plasticity in response to shading by Q. castanea
compared to Q. acutifolia—in which leaf size did not
increase in the former but did in the latter—may have
prevented Q. castanea from maintaining a positive
carbon balance in the forest and edge environments.
Pallardy and Rhoads (1993) reported that the highly
drought-tolerant oak species, Q. stellata, was least
effective in curtailing water loss after stomatal closure
compared to the less drought-tolerant species Q. alba.
Growth differences between xeric and hydric oak
species were found to be greatest for young seedlings
compared to larger and older seedlings (Long and
Jones, 1996), while oak seedlings in semi-arid Med-
iterranean climates often experience exceptionally
high mortality rates during the first dry season (Rey
Benayas, 1998). Thus, the extremely slow growth
rates and high costs of production of leaf and root
structures in highly xeric oak species native to these
tropical highlands may reduce the capacity of young
oak seedlings to withstand severe drought during the
initial period of seedling establishment.
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5.2. Influence of microclimate variation across
edge environments on seedling response

Edges between forest patches and openings in
fragmented landscapes may exert significant controls
over seedling growth and survival patterns on a land-
scape scale, due to spatial and temporal changes in
microclimate that occur across edge environments
(Chen et al., 1992, 1993). The species examined in
our study responded differently to microsite condi-
tions associated with position along the edge gradient.
In particular, oaks and pines were more sensitive to
microclimate differences than the shrub species, as
indicated by the degree of variability in the response
variables measured for seedlings growing in different
edge microsites. Both total seedling biomass and
mortality rate of the oak seedlings increased progres-
sively from the forest into the open microsites and
were most pronounced during the drought. Pine seed-
lings had similar trends in mortality and biomass as the
oaks, with the exception of the high biomass recorded
for pine seedlings growing in the open microsites. In
contrast, biomass and mortality rates for the shrub
seedlings did not vary significantly across the edge
gradient or in response to the severe drought, suggest-
ing low sensitivity to temporal and spatial changes in
microclimatic conditions created by the edges.

The varying patterns in seedling survival and bio-
mass between the tree and shrub species may be
explained by their differing capacities to access lim-
ited soil moisture. Edge environments at the study site
were characterized by a strong microclimate gradient
in which soil moisture in the surface horizon increased
from the open into the forest understory (ranging from
10.8 to 40.1 g m ™ versus 16.8 to 54.7 g m >, respec-
tively), with corresponding decreases in light and
temperature (Asbjornsen et al., in press). Other studies
have shown that soil moisture generally increases at
greater depths in open environments, due to the
absence of water uptake and evapotranspiration by
deep-rooted trees (Minckler et al., 1973; Liechty et al.,
1992; Bréda et al., 1995; Veenendaal et al., 1995;
Breashears et al., 1997). Although both oaks (Abrams,
1990) and pines (Reich et al., 1992; Caspersen and
Kobe, 2001) are considered to be among the most
drought-tolerant forest species, the relatively small
and shallow root systems of the oak and pine seedlings
in our study would have confined water uptake to the

upper soil horizon where soil moisture was especially
low in the open and shrub microsites. These findings
agree with studies of oak species in temperate savanna
ecosystems suggesting that during the first 2-3 years
of seedling establishment, seedlings are incapable of
accessing deeper water sources (Pase, 1969; Brown
and Archer, 1990; Weltzin and McPherson, 1997).
When comparing Mediterranean oak (Quercus ilex)
and pine (Pinus halepeensis) seedling responses to
shading, Broncano et al. (1998) found that the pine
consistently outperformed the oak and had a wider
regeneration niche. Similarly, our results suggest that
threshold levels in the amount of moisture required for
successful pine and oak regeneration may be slightly
higher for the oaks compared to the pines, as reflected
by the higher mortality rates of the former, although
this threshold was apparently surpassed for both spe-
cies during the extreme drought year. Similarly, In
contrast, the faster growth rates and correspondingly
greater root biomass and deeper rooting habit of the
shrub species likely enabled them to access deeper soil
horizons, thereby contributing to their generally
higher survival and biomass accumulation across all
microsite positions. Interestingly, the few oak and pine
seedlings that were able to survive in the open envir-
onment produced more total biomass than seedlings of
the same species growing in the forest and edge
microsites, which appears to corroborate the earlier
notion that surviving seedlings had developed suffi-
ciently deep root systems to access deeper water
supplies and thus benefit from higher light availability
in more open environments. The extreme case was
observed for pine seedlings growing in open environ-
ments that attained an average biomass of 8.1 g, which
exceeded the biomass of the shrub seedlings. Similar
patterns of high mortality in open areas combined with
greater biomass of the surviving plants have been
reported elsewhere (Barton, 1993; Negi et al., 1996;
Buckley et al., 1998).

Differences in species’ pre-dawn soil water potential
for seedlings growing in different microsites across the
edge gradient provide a physiological explanation of
the differences observed in growth response. The shrub
species demonstrated the greatest change in g of
seedlings growing in the different microsites, with
significantly higher values recorded for seedlings
growing in the open microsites (—2.4 MPa) compared
to the forest microsites (—3.5 MPa). This difference
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was likely due to limited water availability at lower
soil depths in the forest environment as a result of
higher rates of water uptake and evapotranspiration by
mature trees (Bahari et al., 1985; Crunkilton et al.,
1992; Conrad et al., 1997). Further, the relatively high
plant biomass and surface area produced by shrub
seedlings growing in the forest understory in our study
may have exacerbated the effects of moisture stress by
greatly increasing transpiration demand. This suggests
that high relative growth rates may be a disadvantage
under more competitive and resource limited forest
understory environments (Lambers and Poorter,
1992), especially during periods of drought. Although
the lower 1,4 did not immediately translate into higher
mortality rates for the shrub seedlings in our study,
frequent moisture stress may prohibit shrubs from
persisting in the forest understory in the long term.
Drought stress experienced by the shrub seedlings
growing in the forest and edge microsites may have
been partly alleviated by leaf shedding and high leaf
turnover, enhancing survivorship of the seedlings at
least in the short term.

The similarly low 1,4 in oak seedlings growing in
both the open and forest microsites combined with
the greater mortality in the open microsites suggests
that, for the oak seedlings, other factors besides soil
moisture availability (e.g., high atmospheric vapor
pressure deficits (Sala and Tenhunen, 1994; Burton
and Bazzaz, 1995) or lack of stomatal control (Meen-
temeyer et al., 2001)) may have contributed to
increased physiological stress in the open environ-
ment. The relatively high i/, maintained by the pine
seedlings growing in both open and forest microsites,
reflecting their conservative water use physiology
(see above), may have contributed to their greater
survival rates compared to the oaks. Neither the pine
nor oak seedlings appeared to have the capacity to
reduce drought stress by excessive leaf shedding and
high leaf turnover rates, agreeing with patterns of
lower physiological plasticity common to later suc-
cessional species.

The greater survival of oak and pine seedlings in the
forest understory and edge environments in our study
also suggests that mature trees and shrubs may have a
facilitative effect on seedling regeneration, as
observed in other studies (De Steven, 1991; Gill
and Marks, 1991; Callaway, 1992; Barton, 1993;
Owens et al., 1995; Raffaecle and Veblen, 1998).

Although high evapotranspiration rates by larger,
deeply rooted trees and shrubs may deplete soil
moisture and enhance moisture stress in the unders-
tory, shading by the overstory canopy may also ame-
liorate microclimate conditions by reducing direct
sunlight, moderating fluctuations in ground and air
temperature, and protecting against surface soil moist-
ure loss (Belsky et al., 1989, 1993; Joffre and Rambal,
1993; Breashears et al., 1997). These ameliorative
effects of trees on the understory environment and
plant growth may be especially enhanced in more dry
environments (Ong and Leakey, 1999). Similarly,
trees have been found to either facilitate or inhibit
oak seedling establishment and growth depending on
the climatic regime: in moist environments oak seed-
ling mortality is generally greater when growing in the
forest understory than in the open (Lorimer et al.,
1994), while the reverse is often the case in dry
environments (Callaway and D’ Antonio, 1991; Call-
away, 1992; Pugnaire and Haase, 1996; Negi et al.,
1996). Our results suggest that in this seasonally dry
tropical highland ecosystem, the survival of seedlings
of late-successional oak species (and to some extent
mid-successional pine species) may be favored by the
proximity of an overstory tree canopy, with the forest
matrix providing an important buffering function by
ameliorating environmental conditions through
enhanced surface soil moisture (Asbjornsen et al.,
in press). However, since total seedling biomass
was greater for seedlings surviving in open and edge
environments compared to the forest understory, inter-
actions between facilitation processes and long-term
seedling growth and forest regeneration require
further research.

5.3. Influence of habitat fragmentation on
seedling response

In this study, differences in the degree of habitat
fragmentation between the two landscapes examined,
both in terms of matrix environment (predominantly
forest under low fragmentation versus predominantly
open under high fragmentation) and opening size
(<0.1 ha versus >1.0 ha), appeared to have relatively
less influence on seedling response compared to edge
effects. Although a general trend was observed in
which all species exhibited slightly lower mortality
in the less fragmented landscape (reference openings)



330 H. Asbjornsen et al./ Forest Ecology and Management 192 (2004) 313-334

compared to the more highly fragmented landscape
(small and large openings), and oak seedlings also
produced greater biomass in the less fragmented land-
scape, these differences were much less pronounced
than those occurring between the different edge micro-
sites. This indicates that small scale differences in
microclimate occurring across edge environments
may exert greater control over regeneration dynamics
than the more broad landscape scale characteristics
resulting from habitat fragmentation and vegetation
cover changes. However, it is also possible that the
parameters measured in this study may not have been
sensitive to large landscape scale processes, or that
greater replication is required in order to capture these
patterns. Further, since oak forests are disturbance
dependent ecosystems with seedling growth often
being greatest in open or shrub areas or forest gaps
(Quintana-Ascencio et al., 1992), the limiting factor
for regeneration with increasing habitat fragmentation
due to forest cover removal may be dispersal distance
for acorns or lack of effective vectors.

6. Conclusions

These results of this study suggest that synergistic
interactions between microclimate conditions and
drought across edge environments may strongly con-
trol patterns of regeneration in fragmented landscape
by constraining the successful establishment of oak
and pine species and favoring more opportunistic,
faster-growing shrub species. Further, a key factor
determining successful establishment of oak and pine
seedlings during the initial regeneration phase is
whether seedlings encounter favorable microclimate
conditions to enable them to develop a sufficiently
deep and extensive root system capable of accessing
available water from lower soil depths, especially in
more open environments. Thus, synergistic interac-
tions between extreme disturbance events and frag-
mentation processes may directly influence the rate
and direction of regeneration pathways. The occur-
rence of a series of 3—4 relatively wet years are
probably needed to provide a window of opportunity
for oak and pine seedlings to establish, especially in
the more harsh environments that prevail in open
clearings and highly fragmented landscapes. Although
oak seedlings may survive in the forest understory for

a period of time, long-term regeneration success likely
requires high light conditions found in more open
environments (Quintana-Ascencio et al.,, 1992;
Espelta et al., 1995; Abrams, 1996). Our study further
suggests that oak and pine regeneration processes may
be facilitated (and the regeneration window widened)
in edge environments where the presence of mature
trees and shrubs may ameliorate site conditions by
providing shade, reducing evaporation, and improving
surface soil moisture availability.

In these highly fragmented landscapes where forest
cover has been removed, shrubs appear to have a
competitive advantage over trees since they can more
rapidly exploit available resources during sporadic
periods of favorable growing conditions. Further,
the severely altered environmental conditions may
lead to development of alternative ecosystem states,
within which later successional species are unable to
reestablish for extensive periods of time (Niering and
Egler, 1955; Putz and Canham, 1992; Sarmiento,
1997). The shift towards greater establishment of
shrubs in fragmented landscapes in the highlands of
southern Mexico, especially under unfavorable cli-
matic periods, may either preclude oak regeneration
completely or result in extremely slow regeneration
rates.

Since drought is a reoccurring phenomenon in these
landscapes, management strategies aimed at facilitat-
ing regeneration of mature oak forests must include
the influence of these decadal scale disturbances on
the composition and structure of successional plant
communities in these tropical highland landscapes.
Specific management interventions can be designed to
enhance the inherent resilience of these highland
tropical oak ecosystems and ensure the maintenance
of the ecological functions. In particular, transplanting
oak and pine seedlings with a well-developed root
system into edge and open environments may enable
the system to overcome thresholds to natural regen-
eration processes caused by synergistic interactions
between habitat fragmentation and periodic drought in
these landscapes. Although not directly addressed in
our study, the role of both anthropogenic and naturally
occurring fire in maintaining oak forests in these
landscapes deserves greater attention, especially since
fire is a major disturbance factor in most oak ecosys-
tems, including montane oak—pine forests in Mexico
(Rzedowski, 1978; Gonzalez-Espinosa et al., 1991;
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Park, 2001), and its suppression has been implicated as
a potential cause of reduced oak regeneration (Johnson
et al., 2002).
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