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Abstract. Cloud forests are amongst the world’s most impacted and endan-
gered forest types, with Mexican cloud forests amongst the most degraded.
These species rich forests are characterized by a diversity of congeneric oak
species which dominate the canopy of mature forests. An improved under-
standing of the establishment requirements of oak seedlings in cloud forests
is needed for conservation and restoration purposes. The aim of this study
was to assess the influence of light conditions during early establishment
of three endangered Quercus species. Seedling growth and biomass alloca-
tion in Quercus insignis M. Martens & Galeotti, Q. sartorii Liebm. and Q.
xalapensis Bonpl. was determined under two light levels: light gap (1338
umol m2 s!) and closed canopy (118 pmol m? s!) in a cloud forest in Ve-
racruz, Mexico. Growth and development were evaluated over the first 13
months. Results suggest there was a significant effect of light conditions
on growth rate and biomass allocation. Although survival rate was similar
among both environments, the three species showed lower growth rates un-
der the closed canopy during the first nine months, while elongation rate
was higher during the last three months under this environment compared
to the light gap. Across all species, fresh biomass and dry biomass of roots,
stem and leaves were almost 50% higher in light gap than under closed can-
opy. Q. insignis produced more biomass in shoots and roots than Q. sartorii
and Q. xalapensis, which may increase its establishment success in shaded
conditions. Results suggest that these three oak species are suited to plant-
ing in small gaps, but also in shaded understory conditions, as high early
survival (>90%) may allow enrichment planting in advance of gap creation.
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Introduction

Globally, tropical montane cloud forests rep-
resent unique and diverse forest types, and are
considered the world’s most impacted and en-
dangered forest types but also the least stud-
ied (Bubb et al. 2004). Mexican cloud forests
are biologically diverse, yet also amongst the
most threatened forest types in the world (Wil-
liams-Linera 2007). While recognized for their
species-richness, they have been reduced in ex-
tent through deforestation, fragmentation, and
degradation, with cloud forests in the eastern
region of Mexico exhibiting a 90% loss (Wil-
liams-Linera 2007). Subsistence agriculture,
fuelwood/timber harvesting, and expansion of
commercial agricultural activities (predomi-
nantly cattle ranching and coffee plantations)
have been the primary drivers of forest loss
(Williams-Linera et al. 2002).

As a consequence, key components have
become threatened, including a diversity of
Quercus species which characterize the cloud
forests of eastern Mexico. Several oak spe-
cies are important large canopy dominants
of these forest types, yet today they are often
poorly represented in smaller size classes rais-
ing concerns about regeneration limitations
(Alfonso-Corrado et al. 2014). While a num-
ber of studies have evaluated regeneration
characteristics of Mexican cloud forest tree
species (Figueroa-Rangel & Olvera-Vargas
2000, Ramirez-Bamonde et al. 2005), few
have directly compared germination and ear-
ly establishment across multiple oak species
(Lopez-Barrera et al. 2006). Tree regeneration
processes are affected by biotic and abiotic fac-
tors, which determine the success of the spe-
cies. Among them, seedling establishment is
considered the most vulnerable stage because
new individuals have to be capable of develop-
ing sufficient photosynthetic tissues and struc-
tural support to survive under stressful and
competitive conditions (Fenner & Thompson
2005, Kitajima & Fenner 2000, Leck & Outred
2008). The study of growth characteristics,
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such as growth rates, biomass production and
biomass allocation under different environ-
ments can provide insights into the ontogeny
of the species and their environmental adapta-
tions and habitat associations (Poorte & Nagel
2000). For example, plant growth analysis is
useful for interpreting plant function (Hunt et
al. 2002), as structural development, partic-
ularly canopy (leaf area) dynamics, and bio-
mass allocation patterns, define plant’s ability
to compete with other species (Givnish 1988).
In this regard, light and nutrients play import-
ant roles in biomass production and allocation
patterns (Poorte & Nagel 2000).

In tropical rainforests, light is one of the
most important factors that affect establish-
ment, growth and survival of seedling (Poort-
er 2001). Plant light requirements depend not
only on shade tolerance but also on growth
stage, and can change, as individuals transition
from seedling to sapling, to canopy dominant
(Augspurger 1984). During seedling devel-
opment, trees growing under the shade of a
canopy will receive a limited amount of light,
which might decrease their survival rates, but
allocational responses, such as an increase in
specific leaf area, may allow for persistence in
conditions that are less than optimal (e.g. low
light, high competition; Augspurger 1984).
Therefore, partial shelter may provide a suit-
able environment for some trees to survive
where competition may be less severe than in
more open disturbed areas.

The response of some species of the genus
Quercus to light of different intensities in-
dicates that they are characterized by a high
degree of photosynthetic plasticity and ad-
aptations to different micro-environmental
conditions, which are expressed through dif-
ferent rates of photosynthesis and stomatal
conductance, leaf anatomy and Rubisco activ-
ity (Valladares et al. 2002, Ashton & Berlyn
1994). Nonetheless, little is known about
many neotropical oak species, including the
species Quercus insignis M. Martens & Gale-
otti, Q. xalapensis Bonpl. and Q. sartorii Li-
ebm., all native species of American tropical
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mountain cloud forests (Gonzalez-Espinosa
et al. 2011). These species are considered im-
portant canopy dominants of Mexican cloud
forests; however, there is limited information
about their regeneration ecology, growth and
suitable environments for their establishment
(Gonzalez-Espinosa et al. 2011, Ramirez-Ba-
monde et al. 2005). Conservation of these
endangered oak species is essential due to in-
creasing loss of montane cloud forest to agri-
culture and development. These species have
local importance as fuel wood, construction
materials, and in handicrafts (Benitez Badil-
lo et al. 2004), while many other uses remain
unexplored. An increased understanding of
seedling establishment, particularly in relation
to light conditions, will better inform silvicul-
tural and restorational approaches aimed at
maintaining the integrity of tropical montane
cloud forests. The objective of this study was
to evaluate the effects of light availability on
growth and biomass allocation in seedlings of
Quercus insignis, Q. sartorii and Q. xalapensis
in closed canopy and light gap conditions in a
cloud forest.

Material and methods
Study site

This study was established in a remnant of a
tropical mountain cloud forest located in the
municipality of Coatepec, central region of
Veracruz (east of Mexico; 19° 27’ 59.7° N and
96° 57 09.1” W), 1250 m asl (Figure 1). The
study area was located in a secondary forest
that was 15 years old, having developed on for-
mer cloud forest land that had been cleared for
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coffee plantations and then subsequently aban-
doned. The climate is considered semi warm
humid tropical (A)C (fm) (Koéppen modified
by Garcia 1973), with an average tempera-
ture of 22°C in the warmest month, and 18°C
in the coldest month. Soils are classified as
andisols, dark brown to black color, silty-tex-
tured, with a depth of 30 to 60 cm (Castillo &
Luna 2009). The topography is characterized
by steep slopes and narrow ridges.

Two different micro sites were selected for
sowing and growing the seedlings: 1) a closed
canopy forest stand composed of native trees
(Clethra mexicana A. DC., Persea shiedeana
Nees., Platanus mexicana Moric., Q. lancifo-
lia Schltdl. & Cham, Trema micrantha L. with
tree average basal area of 0.16 m?), and 2) a
treefall light gap size of 400 m? (hereafter
referred to as ‘light gap’). Climate conditions
were recorded from each micro site. The pho-
tosynthetically active radiation (PAR) was
measured every hour between 9:00 am until
4:00 pm, during every day of the sampling pe-
riod, using a linear ceptometer (AccuPAR LP-
80 Decagon®, resolution 1 pmol m? s). Av-
erage temperature and relative humidity were
estimated on a daily basis using an Onset Data
Logger with temperature and humidity sensors
(HOBO Pro Series H08-032-08). Site condi-
tions are presented in Table 1.

Seed material and seedling production

From each species 600 acorns were collect-
ed beneath ten trees in a cloud forest frag-
ment in central Veracruz (19°33°20.30” N
and 96°56°37.85” W). Healthy acorns were
selected by the float method (Gribko and
Jones, 1995), weighed, and then immediate-

Table 1 Values of the abiotic variables registered under a light gap and closed canopy during a period of

13 months (average + S.E.)

. Percentage of Temperature Relative
2 o1
Site PAR (mol m®s7) 1 light ©C) humidity (%)
Light gap 1337.60 +216.19 100 17.92 +£0.81 84.85+4.76
Closed canopy 117.47 +28.37 8.78 17.06 + 0.77 89.74 +0.75
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ly sown into polyethylene bags
(20 cm wide by 20 cm deep). The
bags were filled with soil from the
forest mixed 50:50 with lava rocks
to facilitate aeration. A total of 120
bags with five acorns per bag were
placed inside a greenhouse under a
transparent plastic cover located in
the light gap. Once germination (de-
fined as the emergence of the radi-
cle and hypocotyledon) occurred,
each germinant was transplanted to
a single polyethylene bag (20 x 20
cm) and grown for one month be-
fore being fandomlly assigned to its Figure 1
corresponding environment.

Experimental design

One month after their emergence,

eighty seedlings of uniform size

per species were selected (i.e. ex-

ceedingly large or small individuals were not
included). Forty seedlings of each species
were placed in the light gap, and forty seed-
lings were located in the closed-canopy. Bags
were placed on the ground and rotated week-
ly within the light treatment and watered as
needed to maintain soil moisture conditions. A
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Study site. The gray areas represent the state of Verac-
ruz, Mexico. The green areas represent the fragmented
distribution of the cloud forests in the zone. The red
dot indicates the location of the study area. Map infor-
mation provided by the National Forest Commission
(SEMARNAT 2013).

total of 240 seedlings were monitored at the
third, sixth, ninth and thirteenth month from
the beginning of the experiment. Survival,
plant height (to 1 mm) and root collar diame-
ter (RCD; digital Vernier, precision 0.01 mm)
were measured at each sampling interval.

Destructive sampling

Figure 2 Representative images of 13 month old seedlings of A) Q. insignis, B) Q. sartorii and C) Q. xala-
pensis grown within light gap and a closed canopy conditions
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After thirteen months, 10 seedlings of each
species in each light regime (60 seedlings to-
tal) were randomly selected for destructive
sampling to assess biomass allocation. Each
individual seedling was removed from its
polyethylene bag and its roots washed off to
remove any loose soil (Figure 2). The roots
were gently blotted with soft paper towel to re-
move any free surface moisture, and each plant
was separated into leaf, stem and roots to de-
termine fresh weight of each component. The
fresh weight was determined with an analytic
scale (accuracy 0.01 g). Leaf area (cm?) was
estimated by scanning each leaf, and analyzing
the images using Image J (v.1.48) and image
analysis software (Rasband Imagel ®). Addi-
tionally, length and diameter of the principal
and secondary roots were measured with a
measuring tape (1.0 mm resolution) and all the
secondary roots were counted (roots emerging
from the tap root with diameter greater than
1.0 mm). Subsequently, plant components
were oven dried for 48 hours at 80 °C (drying
oven Yamato model DX 602), then dry weight
and water content were obtained. Leaf area ra-
tio (LAR - relation of leaf area and dry weight,
cm?-g), leaf mass fraction (LMF - relation of
leaf biomass and total biomass, g-g"'), stem
mass fraction (SMF - relation of stem biomass
and total biomass, g-g!") and root mass fraction
(RMF - relation of root biomass and total bio-
mass, g-g’') were estimated.

Data analyses

At the end of the experimental period a sur-
vival analysis was performed using the Ka-
plan-Meier method implemented in SPSS (v.
19). The Kaplan-Meier survival analysis was
used because it can account for right-censored
data (in this case, seedlings which remain alive
at the end of the sampling period). Survival
probabilities were assessed at three month in-
tervals and a final four month interval (3, 6, 9,
13 months). The experiment was run for an ad-
ditional month to assess growth over a second
winter season, since this a critical period of the
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year to evaluate survival capabilities. While
this meant that the final time interval was lon-
ger, the assumption of survival rate uniformity
still applies to each time period, along with the
other Kaplan-Meier assumptions (including
independence of censoring and the event, and
sufficient sample sizes). Differences in seed-
ling survival were tested between species and
light environments using the Log Rank test.
All tests were evaluated at a level of signifi-
cance of o = 0.05.

Normality and equal variance tests were con-
ducted and, variables that met the normality
and variance assumptions were analyzed with
two way ANOVAs. For variables that were not
normal (RMF, leaf number, leaf area and water
content in stem), we used Generalized Linear
Models (GLMs) with a log link function to
evaluate differences among treatments. Tests
were performed using R studio environment
(v 1.0.44). All tests were evaluated at a level of
significance of a = 0.05.

Additionally, the growth curves of the stem
(RCD and height) among species and envi-
ronments were compared with the help of a
Richard’s generalized logistic model (Colbert
et al. 2003) defined by Eq. (1), where v(?) is
the height or RCD at a “#” time, Vmax is the
average (height or RCD) of the dominant spe-
cies (the dominant species being the one with
the highest average value), K is a constant of
the curve, a is a constant of growth rate and 7 is
the period of time after emergence. The logis-
tic model was chosen because it is well-suited
to the early growth of a germinating seedling,
from emergence to rapid initial growth to slow-
ing as the seed reserves are exhausted and the
plant must exist on external resources. To de-
termine growth rate and curve parameters we
developed an algorithm in LabView 12.0. For
each estimated model (Table 2), a goodness of
fit was obtained by using the adjusted coeffi-
cient of determination for multiple regressions
defined by Zar (1999).

Vmax

v() = T (1)
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Results
Survival, plant size and morphology

Seedling survival trends were not different
between species (p = 0.53) and light environ-
ments (p = 0.16). Final survival was similar
between species (p = 0.06; Q. sartorii = 91.25
+3.17 %, Q. insignis = 90.0 = 3.37 %, O. xala-
pensis = 80.0 £ 4.50 %).

At the end of the experimental period the
relationship height/RCD (slenderness) differed
between environment and species (p = 0.014,
Table 3). Q. insignis and Q. sartorii registered
higher values within the light gap than under
closed canopy. The slenderness in Q. xalapen-
sis was not statistically different between light
conditions (p = 0.2).

Above- and below-ground development was
different between species and environments
(Table 3, Figure 3). The effects of light con-
ditions were observed in plant height, RCD,
number of leaves and leaf area, which were
higher in the gap environment. LAR had not
a statistically significant interaction between
species and environment (p = 0.35), except
for Q. sartorii, which had higher LAR in the
closed canopy. Comparing between species,
Q. insignis had the highest RCD and leaf area,
while Q. sartorii produced higher number of
leaves than Q. xalapensis and Q. insignis.

Biomass allocation

Fresh biomass and dry biomass were differ-
ent between species and environments (P<
0.0001). Fresh and dry weights were 50 %
higher under light gap conditions for the three
species, being highest in Q. insignis which
produced 65 % more biomass in leaves, 48 %
more in stem and 60 % more in roots than Q.
sartorii and Q. xalapensis. Water content was
similar between environments, except for Q.
insignis, which had the highest water content
in its roots in the closed canopy. For the three
species LMF and SMF were similar in both en-
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vironments; although among them, Q. insignis
registered the lowest SMF, while Q. sartorii
and Q. xalapensis registered the lowest RMF
under closed canopy.

Growth patterns

Q. insignis was the only species with similar
height growth rate under both environments
(p = 0.1), and it had higher RCD growth rate
under light gap compared to Q. sartorii and Q.
xalapensis (p < 0.001). Q. sartorii and Q. xa-
lapensis registered lower growth rates (height
and RCD) under the light gap, with significant
lower rates in the shaded environment (p <
0.001). (Figure 3, Table 2).

Discussion
Survival and growth rate

The high survival in both environments sug-
gests tolerance of the three species to closed
canopy and gap environments. The average
65 % reduction in height growth and 32 % in
RCD growth during the first nine months under
the closed canopy is consistent with reported
growth reductions in Quercus in other regions.
For example, Q. rubra, from the eastern United
States and southeastern Canada, registered 30
% higher growth in higher vs. lower light con-
ditions (510-580 vs 180-210 umol m? s!; Van
Hees 1997); and Q. pagoda seedlings, from the
southern United States, were 146 % taller in
intermediate light levels (53 % and 27 % of
full sunlight) compared with low understory
light levels of 8% (Gardiner & Hodges 1998).
However, in our experiment it should be noted
that, while during the first nine months elonga-
tion and RCD growth rates were lower in the
shaded environment; by the thirteenth month
shoot elongation was higher under lower light
conditions. This suggests that these Quercus
were showing a phenotypic adaptation to the
environment (Poorte & Nagel 2000).
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Table 2 Parameters estimated for the adjusted growth curves of the three Quercus species based on height
and root collar diameter in two different environments: a) light gap and b) closed canopy

. Height Root Collar Diameter
Environ- o (growth o, (growth
H 2 2
Species ment V (em) K rate) R V .(cm) K rate) R
light gap  84.24 628 1.38x 102 092 11.13 400 1.10x 10 0.93
. insignis
Q. insignis— closed 47.1 162 8.10x 10 098 883 270 1.05x 10 0.95
canopy
light gap  84.24 628  1.04x 10 096 1112 400  6.00x 107 0.97
. sartorii
Q. sartorii closed 47.1 162 5.20x 10 0.84 883 351 410x 107 0.71
canopy
0 light gap  84.24 628  9.60x 10 097 1112 400  7.10x 107 0.92
xalapensis ~ €105¢d 47.1 .62 7.10x 109 096  8.83 265 2.90x 10 0.76
canopy

Table 3 Above and below ground parameters and biomass allocation in 13 month old seedlings of three
Quercus species grown under different light conditions (light gap and closed canopy). Values are
expressed as means + S.E. Different lower case letters represent significant differences between
environments. Different uppercase letters represent significant differences between species.

Species
Parameter
Q. insignis Q. sartorii Q. xalapensis
Seed weight (g) 34.68 + 0.43A 3.05+0.02B 2.77+0.03C
Light Gap Closed Canopy  Light Gap Closed Canopy Light Gap Closed Canopy

a) Aboveground parameters
Survival rate (%) 85.0 % 5.7° 95.0+£3.4° A S875£52 95434 A 700+73°  90.0+48 A
Height (cm) 8423 +£386" 47.10£237° A 7779 £3.01° 4044+ 142° A 7475+3.50° 3644+173 A
RCD (mm) 846+ 1.70° 672+ 1.67° A 7824248 397+091° B 623+171° 3.80+1.00° B
Slenderness 778+032* 546024 B 9.70+0.61° 7.61+£026° A 853+0.52° 7.64+£040° A
Number of leaves 27.2 + 8.6 1534+ 646° B 432+29.13* 17.849.69° A 288+1263 11.1+692° B
Branches 214099 2.1+ L1° A24+135  13+048 A 2+047° 1.6+084 A
Leafarea (cm?)  1436.3 + 671.7° 735.9 £ 449.7° A 693.5+ 4644 220.04+195.3' B 422.2 = 244.3* 136.0+ 100.3* C
LAR (cm’g-))  53.68+8.12°  62.659+6.73" A 42.963 +4.87° 63.748+6.81* A  47.903 +4.61* 50.689 + 5.72* A
b) Belowground parameters
(Tcilli)“’"t length 5 4641620 4136+ 12.96" A 4727+ 1334 340451120 A 50£1237%  3383£626° A
Root collar 11.07£235  9.63+2.67° A 9.07+299° 46+099% B 692+188 42809 B
diameter (mm)
(Trfnf)“ap 0L 03840.19° 053035 A 030+0.12° 03240190 A 043+0.16° 038+0.18 A
Number of lateral ¢ , |, 61.5+£30.6° A485+2537° 284+18.18 A 362+19.03 36.7+1435 A
roots up to 10 cm
Number of lateral
roots below 10 109.6+58.2¢  89.5+37.81° A 113.4+53.63 43.3+12.6° AB 784+23.89° 45+2072° B
cm
Lateral root 032+0.13*  026+0.1°  A0314£021* 028+0.16° A 040+£022° 021+0.13* A
diameters (mm)
Surface b b

face 2000+ 145  14.804 1.42° A 1640097 1040+1.01° A 1640+ 1.15 11.00+137° A
projection (cm)
¢) Biomass allocation
LMF (g-g") 37324255 3835+£3.07° A 2929+254° 3585+4.14° A 30.86+3.11° 34784385 A
SMF (g-g") 25.1942.12° 25674093 B 33.6+1.67° 3751248 A 2093+281° 33.13+£231° A
RMF (g-g") 3749+£170° 3597+3.19° A 37.04+3.60° 26.64+249° B 39.21+426*° 32084223 A
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Figure 3 Average a) height and b) root collar diameter growth rates registered in three Quercus
seedling species under two different environments: light gap and closed canopy during

the experimental period

Research over the genus has found that there
are Quercus spp. that might adopt different
strategies at lower light levels. For example,
the North American white oak Q. alba regis-
tered 32 % higher growth under shaded cano-
pies than under full sun (Dillaway et al. 2007).
Likewise, the Mediterranean Q. ilex and Q.
pyrenaica exhibited 25 % and 23 % higher
growth respectively under 13 % of total light
(180.2 umol m s!), than under 80 % (1210
umol m? s!) and full sunlight (1513 pmol m
s (Gomez-Aparicio et al. 2006). Saplings of
these oak species suffer photoinhibition that
reduces their capacity to maximize photosyn-
thesis at high light levels (Gémez-Aparicio et
al. 20006).

Other cloud forest oaks, like Q. salicifolia,
show a similar growth pattern to the ones stud-
ied here, since its growth is higher in levels of
55-60 % of full light (Saldafia-Acosta et al.
2009) compared with 3-20 % light availability.
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Previous studies about Q. xalapensis reported
lower growth and biomass production under
closed canopy compared to open areas, al-
though light availability data was not present-
ed (De la Riva et al., 2014;Ramirez-Bamonde
et al., 2005). In contrast Montes-Hernandez
& Lopez-Barrera (2013) found that seed-
lings of Q. insignis grew taller under partial
shade (about 34.5 % of full light) compared to
growth in full light. These results suggest that
Q. insignis might perform better under closed
canopy and light gaps than under fully open
areas, like grasslands.

Among the three species, Q. insignis, had
the highest above ground growth rates in both
environments during the first three months. It
is likely that the larger acorn in Q. insignis pro-
vided greater reserves and allowed more rapid
early growth, while the smaller acorns of Q.
sartorii and Q. xalapensis likely provide lower
reserves for early growth, as it has been docu-
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mented for other Quercus in America (Danner
& Knapp 2001).

Plant size and morphology

Considering the slow growth rates, plant size
under closed canopy was about 50 % of that
under the light gap for the three species. How-
ever, morphological changes were observed
only in Q. sartorii, which responded to the
lower light regime by increasing its LAR index
(Table 3), being 1.5 times higher than Q. in-
signis and 1.2 higher than Q. xalapensis. Sim-
ilar behavior was found in Q. robur seedlings,
a widespread species from Europe, which in-
creased SLA and LAR with decreasing light
availability (from 1536-1263 umol m? s to
219-151 umol m s after a period of more
than one year (Valladares et al. 2002).

The fact that Q insignis had the largest size
and still maintained a similar RCD, tap root
and lateral roots development among differ-
ent environments could be attributed to its
larger acorn, which provided greater reserves
(Welander & Ottoson 1998).The larger acorn
and lower slenderness (height-RCD™) in Q.
insignis are characteristics of an intermediate
successional species, while smaller acorns and
higher slenderness, as in Q. sartorii and Q.
xalapensis are common in early successional
species, which can perform better in subse-
quent years (Tanouchi 1996).

Biomass allocation

Significant lower biomass production under
shade in the three species is consistent with
other cloud forests species, like Citharexylum
mocinnii, Magnolia iltisiana, Fraxinus udhei
and Dendropanax arboreus, which have lower
biomass production under low light conditions
(Saldana-Acosta et al. 2009). Similar perfor-
mance was reported in other Quercus species,
such as Q. rubra, which allocates more bio-
mass in the first year to leaves, stem and roots
under 70 % of full sunlight than at 9 % of full
sunlight (Welander & Ottonson 1998). Q. gil-
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va, from southwestern Japan, exhibits a low
mortality rate under 2 % of full sunlight, but
greater growth under full sunlight conditions
(Tanouchi 1996). Similar RMF, LMF and SMF
among the different light regimes means that
light conditions did not have a significant ef-
fect on biomass allocation in leaves stems and
roots for Q. insignis and Q. xalapensis. How-
ever, root fraction was lower for Q. sartorii at
lower light levels because the stem and leaves
gained more biomass to improve its photosyn-
thetic capacity, an indication of its higher phe-
notypical adaptation.

The higher biomass production in all the
organs of Q. insignis compared with Q. sar-
torii and Q. xalapensis may be attributable to
its larger acorns, which are approximately 11
times heavier than Q. sartorii and 13 times
heavier than Q. xalapensis. As a consequence,
during its early establishment, Q. insignis has
a greater potential to develop under partial
openings (small light gaps) or shaded condi-
tions than the other two species, even after
a period of more than one year. However, as
earlier successional species, Q. sartorii and Q.
xalapensis might grow faster than Q. insignis
after longer periods of time beyond early es-
tablishment. Given the long periods (years)
over which regeneration may develop, a pro-
gram to study their development during ex-
tended periods of time will be very useful to
determine their long-term survival and canopy
recruitment potential.

Growth curves

Although we did not find an available growth
model published for any of these Quercus,
the Richard’s logistic model we chose here
allowed us to estimate the percentage reduc-
tion in the growth rates among the light gap
and the closed canopy. The dominance of Q.
insignis as the species with the highest growth
rate in both environments (closed canopy and
light gap) was evident over the 13 month study
period. Among environments, the constant

(Table 2) for stem growth rate of Q. insignis
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was reduced 41% in the closed canopy, while
the growth rate constants of Q. sartorii and Q.
xalapensis were reduced an average of 54%.
A longer period of study is required to deter-
mine if the Richard’s logistic model is the best
fit for these species; however, we can provide
evidence that this model is a good fit for these
Quercus species during their early establish-
ment (Table 2).

Conclusions

This study indicates that seedlings of Q. in-
signis, Q. sartorii and Q. xalapensis have sig-
nificantly lower growth and biomass produc-
tion under a closed canopy (9 % light) than in
a light gap. Considering this behavior, we rec-
ommend introducing these three Quercus spe-
cies into light gaps or under isolated trees that
act as nurse species during the establishment
process. Nonetheless, they are also capable of
establishing under heavy shade, particularly
0. insignis, and may be suited to enrichment
planting under a canopy prior to treatments
that would create gaps. The larger acorn of Q.
insignis likely allows it to more rapidly obtain
a larger size than either Q. sartorii or Q. xa-
lapensis under high and low light conditions
during the first year of its establishment. For
its higher tolerance to low light levels, we
consider that Q. insignis can be classified as
an intermediate successional species, while
0. sartorii and Q. xalapensis can be classified
as early successional species. Consequently,
different levels of canopy opening can pro-
vide varying opportunities for establishment
success of these Quercus species. Practically,
this knowledge can be used by silviculturists
and restoration practitioners to enhance oak re-
generation in Mexican cloud forest restoration
efforts.
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