
P
os

te
d

on
30

Ja
n

20
24

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

au
.1

70
66

36
37

.7
90

61
17

9/
v1

|T
hi

s
is

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
-r

ev
ie

w
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y. The importance of environmental and disturbance conditions in
different growth stages of plants of temperate forest in the Sierra
Norte of Oaxaca, Mexico

Erick Gutiérrez1, Nihaib Flores-Galicia1, and Irma Trejo1

1Universidad Nacional Autonoma de Mexico

January 30, 2024

Abstract

Environmental conditions and disturbances are important factors that could influence ecological processes. For this reason,
it is essential to know the relationship between them. The objective of this study was to analyze the effect of environmental
conditions and disturbance on three growth stages (adults, germinated individuals, and seeds) of conifers, oaks, and other
broadleaf species that compose the temperate forests of the highlands of the Sierra Norte of Oaxaca, Mexico. For this purpose,
we established 0.1 ha plots along an altitudinal gradient ranging from 1950 m to 3250 m asl where we sampled vegetation,
placed traps for seed rain, and quantified seed germination. We recorded climatic, edaphic, topographic, light, and disturbance
conditions. We recorded a positive influence of anthropogenic disturbances on conifers in all their growth stages analyzed. For
oaks and other broadleaf species, climatic variables such as temperature and precipitation showed a negative effect on adults and
seeds, while disturbance showed no effect. Our results indicate that environmental conditions and anthropogenic disturbances
have a differential effect on the biological groups that compose these forests and depending on the growth stage of the biological
groups.

Introduction

All organisms have unique ecological requirements in which they can carry out their life cycle (Bewley and
Krochko 1982). It is essential to understand each aspect of the life cycle, as they may present particular
ecological strategies (Bonte et al. 2012) such as dispersal (Nathan and Muller-Landau 2000), germination
(Pearson et al. 2002; Mart́ınez-Villegas et al. 2018), regeneration (Quiroz et al. 2019), or distribution (Gomez
et al. 2011). Knowledge of environmental preferences in the different stages of plant growth becomes relevant
if this information applies to conservation, restoration, or resource management issues (Wahid et al. 2007).

One of the ecological processes that is fundamental for the natural regeneration of plants is dispersal, which
refers to the unidirectional movement of propagules from the mother plant to their deposition on the soil
(Levin et al. 2003; Nathan et al. 2008) . It is one of the growth stages that control the dynamics and persis-
tence of a plant community and can control the response of vegetation to different changes, since dispersed
seeds could potentially colonize open spaces, as long as these places fulfill the germination requirements
(Clark et al. 1999; Levin et al. 2003; Howe and Miriti 2004). This is because plants germinate in places that
have specific environmental conditions of temperature, humidity and light (Vandelook et al. 2008).

In addition to environmental conditions, disturbances are important factors that may influence ecological
processes. Disturbance is considered to be any event occurring in a defined time and space, which is capable
of partially or totally destroying plant biomass and altering environmental conditions (Grime 1977; Pickett
and White 1985;  L aska 2001). If the history of disturbances that have occurred at any site is considered,
it leads to the term ”disturbance regime” which refers to the temporal and spatial dynamics of disturbances
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in a given period of time (Pickett et al. 1999; Turner 2010). The disturbance regime can be described from
several attributes such as its type, intensity and frequency (Pickett and White 1985; Pickett et al. 1999;  L
aska 2001). It has been reported that disturbances influence the process of plant regeneration, being those of
anthropogenic origin such as management practices or harvesting practices that can negatively affect forests
(Nakagawa and Kurahashi 2005; Toledo-Aceves et al. 2009; Soriano et al. 2012; Karsten et al. 2013).

The Sierra Norte of Oaxaca is part of the biogeographic province of the Sierra Madre del Sur, characterized by
a very rugged mountainous terrain (Ortiz-Mart́ınez et al. 2005; Álvarez-Arteaga et al. 2013). The vegetation
of the highlands of Sierra Norte is composed of coniferous forests, oak forests, mixed forests, mountain
mesophyll forests, and riparian vegetation (Ortiz-Mart́ınez et al. 2005; Ramı́rez-Ponce et al. 2009; Piña and
Trejo 2014). This region is of great relevance from a floristic point of view, as it presents a high species richness
attributed to its heterogeneity of habitats, coming from a complex geological history (Gómez-Mendoza et al.
2008; Ramı́rez-Ponce et al. 2009; Zacaŕıas-Eslava and Castillo 2010).

Most of the human populations that inhabit the Sierra Norte of Oaxaca depend on the forests. Through
ecotourism activities or the use of forest resources (Zacaŕıas-Eslava and Castillo 2010). It is essential to have
data on the ecological requirements of the plants that inhabit each region, information that is fundamental
to implementing successful forest management, restoration, or conservation practices (Guitérrez and Trejo
2014; Fournier et al. 2015).

The current study is based on Hutchinson’s ecological niche hypothesis, which establishes that organisms
have a series of thresholds of environmental conditions where they can carry out their life cycle (Hutchinson
1957). For this reason, it is fundamental to know the essential conditions in the different stages of growth of
organisms. Considering the above, the main objective of this study was to analyze the relationship between
the abundance of adult individuals, the abundance of dispersed seeds and the abundance of germinated seeds
of the arboreal and shrub component (conifers, oaks and other broadleaf species) with the environmental
and disturbance conditions in temperate forests established in the highlands of the Sierra Norte of Oaxaca,
Mexico.

This study tested the hypothesis that environmental and disturbance conditions have a differential influence
on the abundance of individuals in various growth stages (adults, seeds, and germinated individuals) of
arboreal and shrubby organisms. Therefore, we expect that climatic variables have a greater influence than
the rest of the environmental variables and that disturbance shows a negative relationship with the different
growth stages of different plant groups.

Materials and Method

Study area

The study was conducted in the municipalities of Santa Catarina Lachatao (latitude 17.26°, longitude -96.47°)
and Santa Maŕıa Yaveśıa (latitude 17.23°, longitude -96.43°) located in the highlands of the Sierra Norte
in the state of Oaxaca, Mexico (Fig. 1). The area is located in an altitudinal range from 1581-3361 m asl
(meters above sea level) and has temperate and sub-humid climates (Piña and Trejo 2014).

Several environmental disturbances have occurred in the region, the ones that have affected the most are
harvesting practices and forest pest management. Harvesting practices in the Sierra Norte region increased
in the 1950’s when the federal government granted concessions for forest harvesting to forestry companies.
Forest harvesting was related to the extraction of trees with wood diameter for commercial purposes ([?] 30
cm normal diameter, ND). In the study area, this type of practice is based on selective extraction, as trees
of the Pinus genus are felled and cut in situ and then extracted (Gasca 2014).

Between 2004 and 2009, the area’s forests were affected by the bark beetle Dendroctonus adjunctus Blandford,
which mainly attacks conifers and has one generation per year. Forest pest management refers to the
techniques of felling, dragging, cutting, and removal of trees with evidence of forest pests. Infested trees are
usually more than 10 cm in diameter and show reddish resin clumps on their stems, and change the color of
their foliage from green to yellowish-reddish. In the study area, two of the pest control methods stipulated
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in Mexican legislation were performed, the method of felling, cutting, and abandonment, and the method of
felling, cutting, and immediate extraction (Mathews et al. 2009; Carrasco and Morales 2012; Gasca 2014;
Diario Oficial de la Federacion 2018).

Data collection

We established 14 sampling sites in the study area along the altitudinal gradient from 1950 m to 3250 m asl
(Fig. 1), we focused on this altitudinal range because these were the lowest and highest altitude areas to
which we could have access. We conducted the fieldwork from January 2015 to March 2016.

Abundance of adults and species composition

To know the number of adult individuals, as well as the species composition at each site, we considered a
circular plot of 0.1 ha (1 000 m2) in which we recorded the data of all arboreal or shrubby individuals [?]
2.5 cm of normalized diameter (ND). We made plant collections for subsequent determination, which we
conducted by comparison with specimens from the National Herbarium of Mexico (MEXU) and with the
help of experts of each taxonomic group. We grouped the species into conifers, oaks, and other broadleafs
for statistical analysis.

Dispersal

We placed three 1.85 m x 1.85 m plastic meshes with a 35% opening (< 1.5 mm) at a height of 1 m from
the ground in each sampling plot in January 2015, this opening allowed retaining seeds of tree and shrub
communities. At each of the sites, the meshes were positioned at a distance of 8.7 meters from the center of
the sampling site and with a separation width of 60 degrees between each mesh.

From January 2015 to March 2016 (425 days in total), we collected all seeds deposited in each mesh for
subsequent identification and counting. The collection we conducted in six time periods: from January to
February 2015 (t1), from March to April 2015 (t2), from May to July 2015 (t3), from August to October
2015 (t4), from November 2015 to January 2016 (t5), and from February to March 2016 (t6). We grouped
seeds into three categories: seeds of conifers, oaks, and other broadleaf species.

Germination

To determine whether dispersed seeds can potentially germinate and whether germination is related to
environmental conditions and disturbances, we first determined the germination percentage of the biological
groups analyzed (conifers, oaks and other broadleaf species). We placed the seeds collected in the time
period t1 (January-February 2015) and t2 (March-April 2015) in germination trays of 5 cm x 5 cm with a
depth of 10 cm, without any germination treatment. The substrate used was collected at each of the sites
where the seeds came from and was filtered through a sieve with an opening of 1.3 mm before being used,
to ensure that it did not contain other seeds. We collected the substrate in April 2015 (t2). The seeds
were under constant irrigation every third day in a greenhouse where the temperature was dependent on the
environmental conditions of the site and located at an altitude of 2200 m asl in the municipality of Santa
Catarina Lachatao. We performed two records of germinated individuals, the first one in July 2015 (50 days
after planting) and the second one in October 2015 (146 days after planting). The germinated seeds are
those that could potentially germinate in each of the sites under natural conditions.

Environmental and disturbance conditions

Topography variables: we recorded altitude, slope, and slope orientation in January 2015. We recorded the
altitude with a GARMIN(r) GPS model GPSMAP 64s. We measured the slope with a clinometer and the
orientation with a compass.

Climatic variables : we consider temperature, relative humidity and precipitation. For temperature and
relative humidity we use HOBO(r) Pro V2 model sensors, for precipitation we use HOBO(r) Data Logger
rain gauges of 200 cm2 of collection surface. We placed one sensor and one data logger in the center of each
sampling site. The sensors collected data from January 2015 to March 2016. We calculated their average
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values, in the case of precipitation we determined the amount of precipitation (in mm per day) and calculated
the intensity of precipitation events in millimeters per hour (mm h-1).

Edaphic variables: we considered humus depth, soil temperature and soil moisture. We measured these vari-
ables on seven occasions (January 2015, February 2015, April 2015, July 2015, October 2015, January 2016,
and March 2016). We measured humus depth with a flexometer, recorded temperature with a HANNA(r)
brand soil thermometer model HI 98331, and used an EXTECH(r) brand soil moisture meter model Mo750
for moisture soil. We recorded data at a depth of 5 cm for temperature and moisture, with three replicates
at each sampling site at random locations within each plot.

Light variables: we calculated canopy openness (% openness) and solar radiation (mols/m2/d) from the
analysis of hemispheric photographs taken with a digital camera coupled to a fisheye lens. We took six
photographs per site, three photos representing the dry season taken in April 2015, and three photos rep-
resenting the rainy season taken in October 2015. In the study area, the rainy season runs from May to
October, and the dry season runs from November to April. We took the photographs at the same position
of the seed collecting nets at the sampling sites. We analyzed the photographs with the Gap Light Analyzer
program (Frazer et al. 1999) that calculates average canopy openness and solar radiation.

Disturbance variables: we considered the intensity of disturbance according to the number of tree stumps
present at each sampling site. We counted the number of stumps in January 2015. Stumps are evidence of
disturbance at each site, so a higher number of stumps represents a higher disturbance intensity, the opposite
case with a lower number of stumps representing a lower disturbance intensity.

Statistical analysis

We performed Generalized Linear Models (GLM) to evaluate the importance of environmental and distur-
bance variables on the abundance of different growth stages of conifers, oaks, and other broadleaves. The
variables used showed collinearity, so we performed a selection of the variables to be used later in the GLM
analysis. We calculated the VIF (Variance inflation factor) with the vif.cca function of the vegan package of
R (Oksanen et al. 2013). The variables selected were disturbance intensity (Din), orientation (Ori), slope
(Slo), canopy openness (Cop), humus depth (Hde), soil moisture (Mois), soil temperature (Ste), ambient
temperature (Tem), relative humidity (Hum), precipitation (Pre) and precipitation intensity (Pin).

In the GLM analysis we developed different models with the selected environmental variables to test the
importance of each parameter, we used the glmulti function of the glmulti package of R (Calcagno and de
Mazancourt 2010). We selected the best model using the Aikake information corrected criterion (AICc).
Finally, we evaluated the best models with the glm function of the vegan package (Oksanen et al. 2013).

We performed Pearson’s correlation analysis (r) in R program (R Core Team 2019) to determine whether
the abundance of seeds of each biological group was related to the abundance of adults (abundance of adult
individuals of conifers, oaks and other broadleaves).

Finally, we performed a PCA ordination analysis to characterize changes in environmental variables between
sampling sites. PCA is an unconstrained ordination technique that allows representing the information of a
multivariate data matrix in a reduced space of orthogonal axes in which the main trends in the variation of
the database are synthesized (Borcard et al. 2011). We elaborate a matrix with the selected environmental
variables (matrix of explanatory variables). We performed the PCA using the rda function of the vegan
package (Oksanen et al. 2013).

Results

Abundance of adults and species composition

We recorded the lowest number of adult individuals at Site 9 at an altitude of 2750 m, while site 10 (at an
altitude of 2850 m) was where we observed the highest number of individuals. Conifer abundance values
were higher at altitudes above 3050 m (S12, S13, S14), while the abundance of oak individuals was higher
at altitudes below 2050 m (S1 and S2). The other broadleaf species presented a higher abundance at site 11
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(2950 m), on the other hand we did not obtain records of the presence of this type of plants at site 1 (1950
m) (Fig. 2).

We recorded 29 species of trees and shrubs (nine species of the genusPinus , one species of the genus Abies
, ten species of the genus Quercus and nine species of other broadleaf species). Conifers distributed along
the entire altitudinal gradient (1950-3250 m asl). We did not record oaks at altitudes above 3150 m, while
at altitudes below 2450 m we observed a high species richness of oaks. We identified altitudinal preferences
for the different species, for example Pinus lawsonii Roezl ex Gordon and Quercus conzattii Trel. recorded
at altitudes lower than 2450 m. On the other hand, species such as Abies hickelii Flous & Gaussen,Pinus
ayacahuite Ehrenb. ex Schltdl. and Pinus hartwegiiLindl. distributed at altitudes above 2850 m. We
found only one species that occurred in most of the altitudinal gradient studied, Arbutus xalapensis Kunth
distributed from 2250 m to 3250 m (Table 1).

According to the GLM (Table 2) for conifer abundance, precipitation intensity (Pin) had a negative effect
and disturbance intensity (Din) a positive effect. On the other hand, for oaks relative humidity (Hum)
and precipitation (Pre) had a negative effect. Something similar occurred with the abundance of the other
broadleaf species, which also showed negative effects of the climatic variables, in this case temperature (Tem)
and precipitation (Pre).

Dispersal

At the altitude of 2550 m (site 7) we recorded the highest number of seeds (4760 seeds/ha), while at the
highest altitude studied (site 14, 3250 m) we observed a total of 190 seeds/ha, being the site with the lowest
number of seeds recorded. Regarding the biological groups, the abundance of conifer seeds was higher with 23
070 seeds/ha being the most abundant group, followed by oaks with 2840 seeds/ha which was most abundant
at altitudes lower than 2050 m (site 1 and 2), and finally the other broadleaves with 610 seeds/ha (Fig. 3).

The analyses indicated that for conifers, the intensity of disturbance (Din) had a positive effect on the
abundance of dispersed seeds, as did the humus depth (Hde). For oaks, soil moisture (Mois) had a negative
effect while precipitation intensity (Pin) had a positive effect. Finally, for the other hardwoods, temperature
(Tem) and precipitation (Pre) had a negative effect (Table 2).

We recorded positive and significant correlations (p < 0.05) between seed abundance and abundance of adult
individuals for oaks (r = 0.6) and for the other hardwoods (0.9). The correlation between seed abundance
and conifer adults was low (r = 0.3) and not significant (p > 0.05).

Germination

Only some seeds of the conifers germinated; we did not record germination of the other biological groups
evaluated. For the altitude of 3150 m (site 13) there was a germination percentage of 50%, followed by
site 3 with an altitude of 2150 m with 45% germination, both from the period t2 corresponding to the
period March-April. While the January-February period obtained lower germination percentages (Fig. 4).
According to the GLM (Table 2) for conifers, disturbance intensity (Din) had a positive effect on germination
while soil temperature (Ste) had a negative but not significant effect (p = 0.10).

Variation in environmental conditions

According to the analyses (Fig. 5) first two ordination axes explained 59.1% of the environmental variation
in the sampling sites. The first axis was positively correlated with ambient temperature (Tem, r = 0.93) and
rainfall intensity (Pin, r = 0.82), negatively related to atmospheric humidity (Hum, r = -0.91). The second
ordination axis was positively correlated with canopy openness (Cop, r = 0.64) and negatively correlated
with orientation (Ori, r = -0.87). Sites at lower altitudes (sites 1 to 6 lying between 1950-2450 m asl) had the
highest temperatures (Tem and Ste) and the highest rainfall intensity (Pin) but lower precipitation (Pre).
Sites 1 and 3 differed from the rest of the sites in this altitudinal range (1950-2450 m asl) by having the
lowest values of atmospheric humidity (Hum). The higher altitude sites (sites 7 to 14 between 2550-3250 m
asl) had lower atmospheric temperatures (Tem) than the lower altitude sites. However, for the rest of the
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environmental variables that were important for the ordination (Pin, Hum, Cop and Ori) they show more
variation than the sites of lower altitudes.

Discussion

We observed that there is an altitudinal distribution preference for tree species, an example of this is what
we recorded for P. ayacahuite and P. hartwegii , which in the study area commonly occur at altitudes above
2850 m, or the case of Q. conzattii , which occurs at altitudes below 2450 m. This is in agreement with
other studies where altitudinal preferences of tree species are recorded (Valencia 2004).

Regarding the relationship between environmental and disturbance conditions on the abundance of adult
individuals, we observed that the abundance of conifers registered a positive effect of the intensity of the
disturbance, because the sites with the highest number of stumps were those that registered the highest
abundance of adult individuals (sites 3 and 10). This makes sense considering that disturbances can generate
spaces with greater incidence of light, which can favor the growth of other plants (Zhou et al. 2023).
Regarding the abundance of adult oaks, relative humidity and precipitation had a negative effect, because
most of the oaks distributed in the lowlands thrive in low humidity conditions (Sabas-Rosales et al. 2015).

According to the results obtained for oaks and other broadleaf species, we observed that the abundance of
seeds was related to the abundance of adult individuals, so that for these biological groups, the number of
seeds is proportional to the number of adult individuals present. In the case of conifers, we did not observe
this relationship, so the abundance of seeds does not depend on the abundance of adults for this biological
group. This may be due to the fact that conifer seeds are smaller and their dispersal is favored by the wind,
so they can reach greater distances, > 33 km (Williams et al. 2006). Contrary to the case of oak seeds,
which due to their morphology do not disperse over long distances, < 1 km (Gomez 2003).

We recorded that disturbance intensity and humus depth showed a positive effect on seed abundance of
conifers, this may be due to the fact that disturbances can cause stress on organisms by producing changes
in environmental conditions, so when stressed plants produce a greater number of seeds (Lauder et al.
2019). Regarding oak trees, we observed that humidity had a negative effect on seed abundance, as already
mentioned, most of the oak trees present in the study area show an affinity for low humidity conditions, on
the other hand precipitation intensity showed a positive effect, this may be due to the fact that precipitation
causes a higher seed fall in situ (Li et al. 2012).

In the case of germination of conifers, we recorded that the intensity of the disturbance has a positive
effect, this may be because at the sites where intense disturbances occurred canopy opening is greater, so
that the entry of light and water by precipitation increases (Fernandez and Trejo 2020), since sites that
showed precipitation intervals of 435-530 mm presented a higher percentage of germination. This agrees
with previous studies where they report that water availability is a determining factor in germination, as has
been recorded for species such as Pinus nigra J.F.Arnold (Topacoglu et al. 2016), or what reported for Pinus
sylvestris where they observed that the years with the highest germination corresponded to the years with the
most precipitation (Castro et al. 2005). Although in this study, ambient temperature did not influence the
germination of conifers, previous studies report that for species such as Pinus douglasianaMartinez and Pinus
maximinoi H. E. Moore, temperature plays a significant role in germination, showing ideal temperatures from
9.4degC to 10degC (Ordonez-Salanueva et al. 2021).

The biological group of conifers was the only one for which the intensity of the disturbance was an important
variable in all growth stages. This is due to the fact that the environmental conditions after the disturbance
occurred were optimal for the growth stages analyzed, since the disturbances caused spaces with loss of
canopy cover where temperatures and the amount of water from precipitation was higher than in places
with greater canopy cover (Fernandez and Trejo 2020). This is in agreement with previous studies that also
report an influence of environmental conditions on dispersal, such as that obtained forPinus pinaster Aiton
and Pinus sylvestris in which precipitation and high temperatures promote seed dispersal (Hannerz et al.
2002; Juez et al. 2014).
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Environmental conditions are fundamental to analyze, since according to the type or intensity of the distur-
bance, the conditions prevailing at the site after the event may not be suitable for the ecological processes
that were taking place. On the contrary, they may generate new conditions that are optimal for plants, as
in the case of organisms that require large amounts of light to germinate and grow (Klopčič et al. 2015;
Derroire et al. 2016), or in the best scenario may have no effect on biological systems. Particularly in the
study region, more research focused on determining how disturbances modify environmental conditions is
needed so that such information can be used in ecological studies.

According to the results obtained and the hypothesis initially proposed, we observed that the abundance
of adult individuals, seed dispersal, and germination of arboreal and shrub organisms are influenced dif-
ferentially by environmental and disturbance conditions. We find that climatic variables are more related
to the abundances of the analyzed plants. On the other hand, we did not observe the assumption that
environmental disturbances negatively affect growth stages since we recorded a positive impact on conifers
(adults, seeds, and germination) and a null effect on the other biological groups.

Conclusions

Conifers in all growth stages analyzed (adults, dispersal, and germination) were positively influenced by
environmental disturbances. In the case of oaks and other broadleaf species evaluated, climatic variables
such as temperature and precipitation influenced these biological groups.

We found that environmental conditions and anthropogenic disturbances are fundamental factors influencing
the different growth stages such as dispersal, germination, and the abundance of adults of the biological
groups analyzed.

The information obtained from this study can be applied by the inhabitants of the study area in making
decisions regarding the conservation and management of their forests. An example of this is in the collection
of conifer seeds, since in the sites where the intensity of the disturbance was greater, it would be expected
to obtain a greater number of seeds, and thus propagate local plants that can be used to reforest disturbed
areas. This is especially relevant given the current scenario of accelerated loss of vegetation cover.
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bosques montanos de niebla de la sierra norte de Oaxaca, México. Agrociencia 47: 171-180.
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Klopčič M, Simončič T, Bončina A (2015) Comparison of regeneration and recruitment of shade-tolerant and
light-demanding tree species in mixed uneven-aged forests: experiences from the Dinaric region. Forestry:
An International Journal of Forest Research 88(5): 552-563.https://doi.org/10.1016/j.foreco.2014.03.027

Lauder J, Moran E, Hart S (2019) Fight or flight? Potential tradeoffs between drought defense and repro-
duction in conifers. Tree physiology, 39:1071-1085.https://doi.org/10.1093/treephys/tpz031

 L aska G (2001) The disturbance and vegetation dynamics: a review and an alternative framework. Plant
Ecology 157: 77-99.https://doi.org/10.1023/A:1013760320805

Levin SA, Muller-Landau HC, Nathan R, Chave J (2003) The ecology and evolution of seed dis-
persal: a theoretical perspective. Annual Review of Ecology, Evolution, and Systematics 34: 575-
604.https://doi.org/10.1146/annurev.ecolsys.34.011802.132428

Li B, Hao Z, Bin Y, Zhang J, Wang M (2012). Seed rain dynamics reveals strong dispersal limitation,
different reproductive strategies and responses to climate in a temperate forest in northeast China. Journal
of Vegetation Science 23: 271-279.https://doi.org/10.1111/j.1654-1103.2011.01344.x

Mart́ınez-Villegas J, Castillo-Arguero S, Marquez-Guzman J, Orozco- Segovia A (2018) Plant attributes and
their relationship to the germination response to different temperatures of 18 species from central Mexico.
Plant Biology 20: 1042-1052.https://doi.org/10.1111/plb.12882

Mathews AS, Choy TK, Dove MR, Forsyth T, Kaimowitz D, Kull CA, Walker A (2009) Unlikely alliances:
Encounters between state science, nature spirits, and indigenous industrial forestry in Mexico, 1926–2008.
Current Anthropology 50: 75-101.https://doi.org/10.1086/595003

Nathan R, Muller-Landau HC (2000) Spatial patterns of seed dispersal, their determinants and consequences
for recruitment. Trends in Ecology & Evolution 15: 278-285.https://doi.org/10.1016/S0169-5347(00)01874-
7

Nathan R, Schurr FM, Spiegel O, Steinitz O, Trakhtenbrot A, Tsoar A (2008) Mechanisms of long-distance
seed dispersal. Trends in Ecology & Evolution 23: 638-647.https://doi.org/10.1016/j.tree.2008.08.003

Nakagawa M, Kurahashi A (2005) Factors affecting soil-based natural regeneration of Abies sacha-
linensis following timber harvesting in a sub-boreal forest in Japan. New Forests 29: 199-
205.https://doi.org/10.1007/s11056-005-0273-5

Oksanen J, Simspson GL, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara R, Solymos P, Stevens
MH, Szoecs M, Wagner H, Barbour M, Bedward M, Bolker B, Borcard D, Carvalho G, Chirico M, Caceres
M, Durand S, Evangelista H, FitzJohn R, Friendly M, Furneaux B, Hannigan G, Mark O, Hill M, Lahti L,
McGlinn D, Ouellette M, Ribeiro E, Smith T, Stier A, Ter C, Weedon J (2013) Package ‘Vegan’. Community
Ecology Package.https://cran.r-project.org/package=vegan

Ordonez-Salanueva CA, Orozco-Segovia A, Mattana E, Castillo-Lorenzo E, Davila-Aranda P, Pritchard HW,
Tiziana U, Flores-Ortiz CM (2021) Thermal niche for germination and early seedling establishment at the
leading edge of two pine species, under a changing climate. Environmental and Experimental Botany 181:
104288.https://doi.org/10.1016/j.envexpbot.2020.104288

Ortiz-Martinez T, Gallina S, Briones-Salas M, Gonzalez G, (2005) Densidad poblacional y caracterizacion del
habitat del venado cola blanca (Odocoileus virginianus oaxacensis , Goldman y Kellog, 1940) en un bosque
templado de la sierra norte de Oaxaca, Mexico. Acta Zoologica Mexicana 21: 65-78.

Pearson TR, Burslem DF, Mullins CE, Dalling JW (2002) Germination ecology of neotropi-
cal pioneers: interacting effects of environmental conditions and seed size. Ecology 83: 2798-
2807.https://doi.org/10.1890/0012-9658(2002)083[2798:GEONPI]2.0.CO;2

Pickett S, White P (1985) Ecology of natural disturbance and patch dynamics. Academic Press.

9



P
os

te
d

on
30

Ja
n

20
24

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

au
.1

70
66

36
37

.7
90

61
17

9/
v1

|T
hi

s
is

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
-r

ev
ie

w
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

Pickett S, Wu J, Cadenasso M (1999) Patch dynamics and the ecology of disturbed ground: a framework
for synthesis. In: Walker LR (ed.) Ecosystems of the World Elsevier, Amsterdam, Denmark, pp. 707-722.

Pina E, Trejo I (2014) Densidad poblacional y caracterizacion de habitat del venado cola blanca en un bosque
templado de Oaxaca, Mexico. Acta Zoologica Mexicana 30: 114-134.

Quiroz C, Marin F, Arias R, Crespo P, Weber M, Palomeque X (2019) Comparison of natural regeneration
in natural grassland and pine plantations across an elevational gradient in the paramo ecosystem of southern
Ecuador. Forests 10: 745.https://doi.org/10.3390/f10090745

R Core Team (2019) R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.http://www.R-project.org/

Ramirez-Ponce A, Allende-Canseco J, Moron MA (2009) Fauna de coleopteros lamelicornios de Santiago
Xiacui, Sierra Norte, Oaxaca, Mexico. Acta Zoologica Mexicana 25: 323-343.

Sabas-Rosales J, Sosa-Ramirez J, Luna-Ruiz J (2015) Diversidad, distribucion y caracterizacion basica del
habitat de los encinos (Quercus: Fagaceae) del estado de San Luis Potosi, Mexico. Botanical Sciences, 93:
881-897.https://doi.org/10.17129/botsci.205

Soriano M, Kainr KA, Staudhammer CL, Soriano E (2012) Implementing multiple forest management in
Brazil nut-rich community forests: effects of logging on natural regeneration and forest disturbance. Forest
Ecology and Management 268: 92-102.https://doi.org/10.1016/j.foreco.2011.05.010

Toledo-Aceves T, Purata-Velarde S, Peters CM (2009) Regeneration of commercial tree species
in a logged forest in the Selva Maya, Mexico. Forest Ecology and Management 258: 2481-
2489.https://doi.org/10.1016/j.foreco.2009.08.033

Topacoglu O, Sevik H, Akkuzu E (2016) Effects of water stress on germination of Pinus nigra Arnold.
Pakistan Journal of Botany 48: 447-453.

Turner MG (2010) Disturbance and landscape dynamics in a changing world. Ecology 91: 2833-
2849.https://doi.org/10.1890/10-0097.1

Valencia S (2004) Diversidad del genero Quercus (Fagaceae) en Mexico. Botanical sciences 75: 33-
53.https://doi.org/10.17129/botsci.1692

Vandelook F, Van de Moer D, Van Assche J (2008) Environmental signals for seed germina-
tion reflect habitat adaptations in four temperate Caryophyllaceae. Functional Ecology 22: 470-
478.https://doi.org/10.1111/j.1365-2435.2008.01385.x

Wahid A, Gelani S, Ashraf M, Foolad MR (2007) Heat tolerance in plants: an overview. Environmental and
Experimental Botany 61:199-223.https://doi.org/10.1016/j.envexpbot.2007.05.011

Williams CG, LaDeau SL, Oren R, Katul GG (2006) Modeling seed dispersal distances: implications for
transgenic Pinus taeda . Ecological Applications 16(1): 117-124.https://doi.org/10.1890/04-1901

Zacarias-Eslava Y, Castillo RF (2010) Comunidades vegetales templadas de la Sierra Juarez, Oaxaca: pisos
altitudinales y sus posibles implicaciones ante el cambio climatico. Boletin de la Sociedad Botanica de Mexico
87: 13-28.

Zhou L, Thakur MP, Jia Z, Hong Y, Yang W, An S, Zhou X (2023) Light effects on seedling growth in
simulated forest canopy gaps vary across species from different successional stages. Frontiers in Forests and
Global Change, 5, 292.https://doi.org/10.3389/ffgc.2022.1088291

Figures

10



P
os

te
d

on
30

Ja
n

20
24

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

au
.1

70
66

36
37

.7
90

61
17

9/
v1

|T
hi

s
is

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
-r

ev
ie

w
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

Fig. 1 Location of the study area within the Sierra Norte de Oaxaca, Mexico and location of sampling sites

Fig. 2 Relative and total abundance of adult individuals ([?] 2.5 cm ND) per hectare according to altitudinal
gradient
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Fig. 3 Relative abundance and seed production totals per hectare according to altitudinal gradient

Fig. 4 Germination rate of conifers

Fig. 5 Ordering based on principal component analysis of the different environmental variables in the
altitudinal gradient (Din, disturbance intensity; Ori, orientation; Slo, slope; Cop, canopy opening; Hde,
humus depth; Mois, moisture; Ste, soil temperature; Tem, temperature; Hum, humidity; Pre, precipitation;
Pin, precipitation intensity)

Tables

Table 1 Tree and shrub species recorded in the study area
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Site
Altitude (m
asl) Species Species Species Species

Conifers Oaks Other
broadleaf
species

Other
broadleaf
species

S1 1950 Pinus
lawsonii
Roezl ex
Gordon

Quercus
calophylla
Schltdl. &
Cham.,
Quercus
castanea
Née,
Quercus
conzattii
Trel.

S2 2050 Pinus
teocote
Schied. ex
Schltdl. &
Cham.

Quercus
conzattii
Trel.,
Quercus
laeta Liebm.

Comarostaphylis
discolor
(Hook.)
Diggs

Comarostaphylis
discolor
(Hook.)
Diggs

S3 2150 Pinus
lawsonii
Roezl ex
Gordon

Quercus
conzattii
Trel.

Quercus
conzattii
Trel.

S4 2250 Pinus lawsonii
Roezl ex
Gordon, Pinus
patula var.
longipeduncu-
lata Loock ex
Mart́ınez,
Pinus
pseudostrobus
var. apulcensis
(Lindl.) Shaw,
Pinus
pseudostrobus
Lindl.

Quercus
crassifolia
Bonpl.,
Quercus
glabrescens
Benth.,
Quercus
obtusata
Bonpl.

Alnus
jorullensis
Kunth,
Arbutus
xalapensis
Kunth

Alnus
jorullensis
Kunth,
Arbutus
xalapensis
Kunth

S5 2350 Pinus lawsonii
Roezl ex
Gordon, Pinus
pseudostrobus
var. apulcensis
(Lindl.) Shaw,

Quercus
castanea Née,
Quercus
crasssifolia
Bonpl.,
Quercus
glabrescens
Benth.,
Quercus
obtusata
Bonpl.

Arbutus
xalapensis
Kunth

Arbutus
xalapensis
Kunth
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Site
Altitude (m
asl) Species Species Species Species

S6 2450 Pinus
lawsonii
Roezl ex
Gordon,
Pinus pseu-
dostrobus
var.
apulcensis
(Lindl.)
Shaw

Quercus
castanea
Née,
Quercus
conzattii
Trel.,
Quercus
obtusata
Bonpl.

Arbutus
xalapensis
Kunth,
Baccharis
heterophylla
Kunth

Arbutus
xalapensis
Kunth,
Baccharis
heterophylla
Kunth

S7 2550 Pinus patula
var.
longipedun-
culata Loock
ex Mart́ınez,
Pinus pseu-
dostrobus
var.
apulcensis
(Lindl.)
Shaw

Quercus
crassifolia
Bonpl.,
Quercus
rugosa Née

Alnus
jorullensis
Kunth,
Arbutus
xalapensis
Kunth,
Litsea
glaucenscens
Kunth,
Prunus
serotina
Ehrh.

Alnus
jorullensis
Kunth,
Arbutus
xalapensis
Kunth,
Litsea
glaucenscens
Kunth,
Prunus
serotina
Ehrh.

S8 2650 Pinus
herrerae
Mart́ınez,
Pinus
maximinoi
H. E. Moore,
Pinus patula
var. longipe-
dunculata
Loock ex
Mart́ınez

Alnus
jorullensis
Kunth,
Arbutus
xalapensis
Kunth,
Baccharis
heterophylla
Kunth,
Prunus
serotina
Ehrh.

Alnus
jorullensis
Kunth,
Arbutus
xalapensis
Kunth,
Baccharis
heterophylla
Kunth,
Prunus
serotina
Ehrh.

S9 2750 Pinus
douglasiana
Mart́ınez,
Pinus patula
var. longipe-
dunculata
Loock ex
Mart́ınez,
Pinus pseu-
dostrobus
var.
apulcensis
(Lindl.)
Shaw

Quercus
crassifolia
Bonpl.,
Quercus
rugosa Née

Arbutus
xalapensis
Kunth,
Prunus
serotina
Ehrh.

Arbutus
xalapensis
Kunth,
Prunus
serotina
Ehrh.
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Site
Altitude (m
asl) Species Species Species Species

S10 2850 Abies
hickelii
Flous &
Gaussen,
Pinus
ayacahuite
Ehrenb. ex
Schltdl.,
Pinus patula
var.
longipedun-
culata Loock
ex Mart́ınez,
Pinus pseu-
dostrobus
Lindl.

Quercus
crassifolia
Bonpl.,
Quercus
ocoteifolia
Liebm.

Comarostaphylis
discolor
(Hook.)
Diggs

Comarostaphylis
discolor
(Hook.)
Diggs

S11 2950 Abies
hickelii
Flous &
Gaussen,
Pinus
ayacahuite
Ehrenb. ex
Schltdl.,
Pinus pseu-
dostrobus
Lindl.

Quercus
crassifolia
Bonpl.,
Quercus
glabrescens
Benth.

Comarostaphylis
discolor
(Hook.)
Diggs,
Litsea
glaucenscens
Kunth,
Lonicera
mexicana
(Kunth)
Rehder,
Oreopanax
xalapensis
(Kunth)
Decne. &
Planch.,
Prunus
serotina
Ehrh.,
Senecio
andrieuxii
DC.

Comarostaphylis
discolor
(Hook.)
Diggs,
Litsea
glaucenscens
Kunth,
Lonicera
mexicana
(Kunth)
Rehder,
Oreopanax
xalapensis
(Kunth)
Decne. &
Planch.,
Prunus
serotina
Ehrh.,
Senecio
andrieuxii
DC.

S12 3050 Abies
hickelii
Flous &
Gaussen,
Pinus
ayacahuite
Ehrenb. ex
Schltdl.

Quercus
laurina
Bonpl.,
Quercus
ocoteifolia
Liebm.

Comarostaphylis
discolor
(Hook.)
Diggs,
Senecio
andrieuxii
DC.

Comarostaphylis
discolor
(Hook.)
Diggs,
Senecio
andrieuxii
DC.
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Site
Altitude (m
asl) Species Species Species Species

S13 3150 Abies
hickelii
Flous &
Gaussen,
Pinus
ayacahuite
Ehrenb. ex
Schltdl.

Arbutus
xalapensis
Kunth

Arbutus
xalapensis
Kunth

1S4 3250 Pinus
hartwegii
Lindl.

Arbutus
xalapensis
Kunth

Arbutus
xalapensis
Kunth

Table 2 Results of generalized linear models of the association of the different developmental stages of plant
groups with environmental variables. (*) Significant effects, S.E. = standard error, Est. = estimated value
of the effect of the environmental variable (slope of the curve), z = statistical value

Stage Environmental variable Est. S. E. z p

Conifer seeds Din 0.14 <0.01 15.16 <0.01*
Hde 0.16 <0.01 22.23 <0.01*

Oaks seeds Mois -0.11 0.01 -8.36 <0.01*
Pin 0.11 <0.01 13.88 <0.01*

Other broadleaf species seeds Tem -0.27 0.05 -5.78 <0.01*
Pre -0.02 <0.01 -5.96 <0.01*

Conifer germination Din 3.58 1.43 2.50 0.03*
Ste -2.58 1.44 -1.78 0.10

Conifer adults Din 0.30 0.02 17.84 <0.01*
Pin -0.12 <0.01 -16 <0.01*

Oaks adults Hum -0.02 <0.01 -8.84 <0.01*
Pre < -0.01 <0.01 -12.54 <0.01*

Other broadleaf species adults Tem -0.23 0.03 -7 <0.01*
Pre < -0.01 <0.01 -6.35 <0.01*

16


