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Abstract

Tree mortality is an important process of forest stand dynamics and knowledge of it is fundamental to implement adequate
management strategies. Subject to several factors, tree mortality can induce different spatial patterns on the remaining live
and dead trees. While spatially clustered tree mortality in young forests is often driven by competition, in old-growth forests,
spatially clustered tree mortality is often caused by disturbance agents. This study is focused on a spatiotemporal analysis of
tree mortality in a mature temperate forest located in central Mexico dominated by Pinus montezumae and Alnus firmifolia. We
used tree locations from a permanent plot (300 X 300 m) measured over a 20-year period. The results, from applying point pat-
tern analysis, showed that the spatial pattern of all dead trees was clustered at short to medium distances, but showed no clear
deviation from complete spatial randomness at longer distances. Similar results were found for P. montezumae and A. firmifolia.
Using the bivariate mark-connection function (alive and dead trees), no tree mortality caused by competition was discernable,
only A. firmifolia showed a tendency toward competition-introduced mortality around 15 m. Regarding forest structure, alive
trees retained a clustered distribution and size heterogeneity at different distances during the measurement period. Thus, there
was evidence that the resulting spatial pattern of tree mortality could be explained by disturbance agents such as droughts
rather than tree competition. Therefore, the results of this study can contribute to implement management strategies based on
the principles of continuous cover forestry and provide novel information regarding tree mortality in Mexican montane forests.

Keywords Pair-correlation function - Random labeling - Thomas cluster process - Mark-correlation function - Pinus
montezumae - Alnus firmifolia

Introduction

Tree mortality is an essential process in forest ecosystems

and knowledge of it is fundamental for sustainable for-
est management. It has multiple effects on forest structure
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and ecosystem functions. For instance, dead trees lead to
open spaces that promote regeneration, incorporate nutri-
ents into the soil and provide habitat for wildlife (Franklin
et al. 1987; Landsberg and Sands 2011). Although many
efforts have been made to comprehend its role on forest
ecosystems, less attention has been focused on the spatial
aspects of tree mortality (Larson et al. 2015). However,
understanding the drivers of tree mortality and their effects
on spatial patterns could be one of the key aspects for the
adequate use, conservation, and restoration of forest eco-
systems (Franklin et al. 1987; Stephens et al. 2008; Larson
et al. 2015; Szmyt and Tarasiuk 2018).

In temperate forests, tree mortality is primarily influ-
enced by competition, age, disease, and disturbance
agents. Competition takes place especially in the early
stages of forest development, when young trees intensively
compete for sunlight, nutrients, and water (Peet and Chris-
tensen 1987; Landsberg and Sands 2011). Age-related tree
mortality is usually determined by the forest succession
and its evolution over time (Franklin et al. 1987). Finally,
depending on the regime (Pickett and White, 1985), distur-
bances can dramatically induce tree mortality and reshape
the spatial patterns in forest ecosystems; for example, for-
est fires, hurricanes, insect attacks, and severe droughts
(Franklin et al. 1987; Agee 1993; Rodriguez-Trejo 2014;
Choat et al. 2018).

Regardless of the ecosystem and causes, spatial patterns
of tree mortality tend to be clustered (Kenkel 1988; Lar-
son et al. 2015). However, reasons for this patterning dif-
fer between young and old-growth forests. Since mortality
in young forests is more likely attributed to a competitive-
based mortality such as self-thinning (Kenkel et al. 1997,
Kenkel 1988; Wiegand and Moloney 2004), tree mortality
in older forests is often related to disturbance agents such as
wildfires (Franklin et al. 2002; Stephens et al. 2008). There-
fore, although the spatial patterns of dead trees sometimes
do not differ from young to old, a shift from competitive
mortality in young to a non-competitive tree mortality in
old-growth forests is expected (Franklin and Van Pelt 2004;
Getzin et al. 2006; Larson et al. 2015).

Generally, the spatial relationship between living and
dead trees can be described as spatial attraction or segrega-
tion. Attraction describes situations in which live and dead
trees are spatially close together, which is usually attributed
to a mortality by competition (Kenkel 1988; Kenkel et al.
1997; Wiegand and Moloney 2014). Spatial segregation
could be present when dead and alive trees are spatially
separated from each other. This might be explained by the
agent-based tree mortality (Franklin et al. 1987; Landsberg
and Sands 2011). In addition, spatial segregation is often
related to the scramble competition, resulting in spatial pat-
terns of clumped dead trees of the same species with more
isolated surviving trees (Wiegand and Moloney 2014).
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The spatial patterns of the remaining living trees are
related to the processes described above. Thus, there is the
hypothesis that the outcome of competitive-based mortal-
ity results in a more regular pattern of trees (Kenkel et al.
1997) and can be specially found in young forests (Larson
et al. 2015). Contrastingly, in old-growth forests, agent-
based mortality leads to spatial clustering in the remaining
trees (Franklin and Van Pelt 2004). This clustering, together
with size heterogeneity, has been connected to more resilient
forests, especially to forest fires (Stephens et al. 2008). This
provides important insights about the forest dynamics, that
could be implemented into management strategies, grounded
in the expectations of global change to come (Choat et al.
2018).

Like most ecological processes and spatial patterns, tree
mortality is also likely to be scale-dependent. Point pattern
analysis is a powerful tool for inferring underlying processes
from the resulting scale-dependent patterns (Brown et al.
2011). Thereby, the main assumption is that the spatial pat-
terns contain information about the processes that shaped
them. By describing, analyzing, and modeling the spatial
point patterns, i.e., the spatially explicit locations of all
individuals in the study area, point pattern analysis allows
exploring and confirming ecological hypotheses of the act-
ing processes (Law et al. 2009; Brown et al. 2011; Wiegand
and Moloney 2014).

The aim of this study was to deepen current knowl-
edge of tree mortality in mature temperate forests. For this
purpose, we used data from a permanent plot (9 hectares)
located in central Mexico. The point patterns of all indi-
vidual trees were repeatedly measured over 20 years. To the
best of our knowledge, in this region, there is no study on
spatial patterns of tree mortality, conducted at these scales,
both spatially and temporally. Regarding the study area, our
research questions were (i) Are dead trees completely spa-
tially randomly distributed? (ii) Is tree mortality caused by
competition? iii) Does tree mortality lead to spatial regular
distribution? (iv) Does tree mortality lead to spatial size
homogeneity? The answer to these questions could help to
understand how this type of forest develops, and to utilize
this information to implement the most appropriate methods
for the use, conservation, and restoration of temperate forest
ecosystems.

Materials and methods

Study area

This study was carried out in the "San Juan Tetla" old
research station (SJTRS), Chiautzingo, Puebla, Mexico

(Fig. 1). The SJITRS used to be located besides the western
part of the Ixta-Popo National Park, between the geographic
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Fig. 1 Study area, showing the location of the old research station,
outside the national park area, where the inset map shows the total
area of Mexico and the location of the national park as reference

coordinates of longitude [98.55°, 98.58°] and latitude
[19.17°, 19.22°]. The soils are classified as Ando, or Humic
Allophane with a mean slope between 30 and 40%, mainly
facing the East exposition. The mean temperature is 9°C
with a minimum of —5°C and the precipitation is mainly
concentrated from May to October, with 849.6 mm, which
means 84.2% of the total, and from November to April
159.4 mm. The maximum monthly rainfall is in June, with
215.7 mm and the minimum in December, with 11.9 mm
(Acosta-Mireles et al. 1997; Zepeda-Bautista and Acosta-
Mireles 2000).

The vegetation type is classified as temperate forest with
predominance of Pinus montezumae Lamb. This species
is distributed in an elevation range from 2700 to 3450 m
over the sea level, and it is commonly found in association
with Pinus teocote Schitdl. & Cham., Pinus ayacahuite C.
Ehrenb. ex Schltdl., Pinus leiophylla Schiede ex Schltdl.
& Cham., Abies religiosa (Kunth) Schltdl. & Cham. and
broad-leaved trees like Alnus firmifolia Fernald and Quercus
sp. (Zepeda-Bautista and Acosta-Mireles 2000). This eco-
system has a potential fire regime of low severity frequent
fires (Rodriguez-Trejo 2008; Jardel-Pelaez et al. 2009), and
P. montezumae is highly adapted to them (Rodriguez-Trejo
and Fulé 2003). Nevertheless, it has been reported that fires
in combination with diseases can increase the risk of tree
mortality (Fonseca-Gonzalez et al. 2016).

Data collection
The data were collected from a permanent plot (300X 300 m,

9 ha in total) located in a mature forest, with three censuses
over 20 years. The average tree-age was 70.5 years in the

beginning of the measurement period (Zepeda-Bautista and
Acosta-Mireles 2000). The plot was established and the first
census was carried out by the National Institute of Forestry,
Agriculture and Livestock Research (INIFAP, Spanish abbr.)
in 1974. The second and third census were carried out in
1989-90 and 1995-96. The original plot consisted of 16 ha,
however, we excluded some areas to maintain data consist-
ency between 1974, 1989 and 1995. For more details about
the data collection, see Zepeda-Bautista and Acosta-Mireles
(2000). The censuses included all trees with a diameter at
breast height (d) larger than 7.5 cm. All trees were tagged,
the x and y coordinates recorded, and the following inven-
tory variables were taken: tree diameter (d, cm), total height
(h, m), crown width (cw, m), crown base height (cb, m). In
addition, qualitative data, such as damages and condition
(living or dead), as well as the species, were included.

Data analysis

Spatial distribution of dead trees: pair-correlation function
a(r)

Spatial point pattern analysis uses the spatial location of
all individuals within a study area described as points. To
characterize spatial tree mortality patterns, we used several
so-called second-order summary functions. These func-
tions describe a point pattern based on its distances between
points, allowing to describe the pattern at several scales or
distances. We assumed that the underlying point process is
stationary and isotropic, i.e., translation and rotation invari-
ant. Thus, the mean number of points per area, the intensity
lambda A(x), is constant. All second-order summary statis-
tics we restricted to a maximum distance between points
of 18 m which equaled the assumed maximum interaction
distance based on the largest crown diameter of 8.7 m. For
all summary statistics used in this study, we applied the
isotropic edge correction (Ripley 1977; Stoyan and Stoyan
1994).

First, we used the pair-correlation function g(r) (Stoyan
and Stoyan 1994) which describes a point pattern by count-
ing the expected density of points at a certain distance r of
an arbitrary point of the point process. The g(r) function is
defined as

g(r) = K'r/Q2xr) ey

where K’(r) is the derivative of the Ripley’s K-function (Rip-
ley 1977). Thus, while Ripley’s K-function is cumulative,
i.e., using the expected density of points within a certain dis-
tance r, the pair-correlation function g(r) is non-cumulative,
i.e., using the expected density of points at a certain distance
r. This has the advantage that g(r) values at larger distances
r are not influenced by smaller distance r and while g(7)=1
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indicates complete spatial randomness (CSR) at distance r,
g(r)> 1 indicates that the points are clustered at distance r,
whereas g(r) <1 indicates regularity at distance r, respec-
tively (Stoyan and Stoyan 1994; Wiegand and Moloney
2014).

Relationship among dead and alive trees:
Mark-connection function p;(r)

Additionally to the spatial location, points can also have
additional information related to them, so-called marks
(Wiegand and Moloney 2014). Thus, we used the bivari-
ate mark-connection function p;(r) as summary function
to describe the relationship between two discrete marks,
namely dead and alive trees. For two marked points sepa-
rated by a distance r, p;(r) describes the probability that the
first point has the mark i (i.e., dead) and the second point has
the mark j (i.e., alive) (Illian et al. 2008; Wiegand and Molo-
ney 2014). The mark-connection function p;(r) is defined as

gij(r)
g(r)

p,_',‘(”) = PiPj 2

In this case, the observed p(r) above (p;(r)>p; p;) and
below (p;(r) <p; p;) the theoretical value indicates associa-
tion or segregation, respectively (Stoyan and Stoyan 1994;
Illian et al. 2008; Wiegand and Moloney 2014).

Spatial and size distribution of alive trees:
Mark-correlation function k,,,,(r)

Finally, to test the spatial correlation between live tree sizes,
we used the mark-correlation function k,,,,(r). We used the
tree diameter as size mark because generally the diameter
is well correlated with tree height or tree crown, yet the
diameter is easier to measure with less errors. The mark-cor-
relation function describes the spatial correlation between
continuous marks of two points (e.g., tree diameter) sepa-
rated by distance r by comparing the mean of the marks in a
pair of points to the mean mark based on all points (Stoyan
and Stoyan 1994; Illian et al. 2008; Velazquez et al. 2016).
The function k,,, () can be estimated as

k() = E—”’(m(‘;)z* e 3

where o is the origin point and r is a point at distance r,
m(0) and m(r) are the marks assigned to them, and u? is the
squared mean mark as normalization factor. Thus, k,,,(r)=1
indicates an absence of correlation, values k,,,(r) > 1 indi-

cate a positive correlation and values k,,,(r) <1 indicate a
negative correlation at a distance r (Stoyan and Stoyan 1994,

Wilder and Wilder 2008).
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Null models and simulation envelopes

In spatial point pattern analysis, null models act as in
standard statistical null hypothesis testing and can be used
in an exploratory or confirmatory purposes (Wiegand and
Moloney 2014). In this context, null models usually use
point process models to generate random patterns based on
certain ecological hypotheses. Selection of an appropriate
null model is one of the most challenging tasks (Wiegand
and Moloney 2014) and depends on the specific question.
In this study, we used three null models. First, the sim-
plest used null model was complete spatial randomness
(CSR) for univariate patterns. Here, we used a homoge-
neous Poisson process to create random null model data.
The homogeneous Poisson process is characterized by a
constant intensity A(x) throughout the study plot and no
interaction between individual points. Second, we used
a Thomas cluster process to simulate a clustered pattern.
The Thomas cluster process simulates cluster centers
using a Poisson process. Following, at the cluster centers
(i.e., parent points), so-called offspring points are placed,
whereas the number of daughter points is Poisson dis-
tributed and the locations are independent according to
a two-dimensional isotropic Gaussian distribution (Illian
et al. 2008). We fitted the Thomas cluster process to data
that showed significant clustering only. Third, we used a
random thinning null model to test if mortality leads into
clustered point patterns. For this, we used the initial point
pattern in the year 1974 and randomly removed points
(i.e., simulated random mortality). The probability of each
point to die corresponded to the mortality rates recorded
over the measurement period of 1974 to 1995. Last, we
used random labeling as null model. This null model dif-
fers from the previous used null models because it is not
a point process model in a sense that point locations are
simulated. Random labeling rather randomizes the marks
of a bivariate pattern while keeping the point locations as
they are (Wiegand and Moloney 2014). Random labeling
is the appropriate null model if not the point locations are
of interest, but a process acting on the already established
locations, for example to test the random mortality hypoth-
esis (a posteriori effects, Goreaud and Pélissier 2003).
To test the null hypothesis, we used Monte Carlo
envelopes built from 199 replicates of the null models.
From these simulations, the fifth largest and lowest val-
ues, respectively, were used to construct the simulation
envelopes. For distances r at which the observed summary
function is located within the simulation envelope, the null
hypothesis is accepted (e.g., no significant departure from
the CSR); if the observed summary function is located
above the simulation envelope clustering/positive corre-
lation is indicated, and correspondingly if the summary
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function is located below the simulation envelope regular-
ity/negative correlation is indicated.

Because simulation envelopes test the null hypothesis at
several distances r simultaneously, the test is susceptible
to a Type I error inflation. Thus, simulation envelopes are
no confidence intervals and do not allow to reject a null
hypothesis with a certain significance level if the observed
summary function is located outside the envelopes at a spe-
cific distance r. Nevertheless, they are still a useful tool
because they show the potential result if a specific distance
r would have been fixed previously (Baddeley 2014). To
account for the multiple testing issue, we used a goodness-
of-fit (GoF) test based on Loosmore and Ford (2006). The
Diggle-Cressie-Loosmore-Ford test (DCLF test) uses the
integral of the squared difference between the observed
and simulated summary functions as reduced, single test
statistic and consequently allows to accept or reject a null
hypothesis (Loosmore and Ford 2006, Baddeley 2014). The
DCLF test was applied to the same distances as all second-
order summary functions, namely 0-18 m. Furthermore,
because the observed summary functions could be located
either above or below the simulated summary functions, we
used a two-sided test. However, because the null models
depend on parameters estimated from the data, the DCLF
tests are conservative, i.e., the true significance level might
be smaller than the reported significance level resulting in a
wrong acceptance of the null hypothesis (Baddeley 2014).
Thus, we additionally calculated all DCLF tests using a dif-
ferent summary function than used for the simulation enve-
lopes, namely Besag’s transformation of Ripley’s K-function
(Besag 1970). Nevertheless, no significant values changed,
and we report all DCLF results based on the original second-
order summary functions. An alternative approach to the
GoF test is global simulation envelopes which use a con-
stant width based on the most extreme deviation from the
theoretical null model value (Baddeley et al. 2014). All the

Table 1 Summary table for the hypothesis tested and null models applied

analyses in this research were processed through R 3.6.0 (R
Core Team 2021) using the spatstat R package (Baddeley
et al. 2015). For specific questions, methods, and models,
see Table 1.

Results
Dead and alive trees tracking

Two species dominated the point pattern of dead and alive
trees, namely P. montezumae and A. firmifolia. During
1974-1989, the mean annual death was 17.5 trees, of these
7.7 were P. montezumae and 9.7 were A. firmifolia. However,
by 1995, these numbers changed, mean annual death was 33
trees from 1989 to 1995, reducing the proportion of dead A.
firmifolia, while it increased for P. montezumae (Table 2).
It should be noted that this period was shorter (6 years),
indicating that the death rate was higher in the case of P.
montezumae.

Most of the trees that died, regardless of the species and
period, had a rather small d (Fig. 2). However, while P. mon-
tezumae dead trees were found in all diameter categories in
both measurements (1989 and 1995), for A. firmifolia, most
of dead trees were found in the smaller categories. Besides,
most of A. firmifolia larger dead trees were found by 1989
(Fig. 2).

The sizes of the alive trees by 1974 and 1995 showed a
bimodal diameter distribution (Fig. 3). In both cases, the
smaller diameters mostly belonged to A. firmifolia trees,
while larger diameters mostly belonged to P. montezu-
mae, meaning that the pines were the dominant trees in the
study area. The shape of the diameter distributions had not
changed remarkably in 15 years of measurements and only
shifted from one diameter category to another, following a
diameter increment given by the age (Fig. 3).

Research questions Main background theories

Pattern and summary functions Null models

Are dead trees randomly distributed? Dead trees show a clumped distribu-

tion in young and old-growth
forests

Is tree mortality caused by competi-
tion?

Does the tree mortality lead to
spatial regular distribution of the
remaining alive trees?

Tree mortality leads to spatial
regular distribution in young

old-growth

Does the tree mortality lead to
spatial size homogeneity of the
remaining alive trees?

regimes

forests and clustered distribution in

Spatially tree size heterogeneity is
found in old-growth forests and
related to natural perturbation

Spatial distribution of dead trees. CSR null model
Univariate pair-correlation func-

tion g(r)

Tree competitive mortality is usually Spatial distribution of dead and alive Random labeling null model
found in young forests while agent-
based mortality in old-growth

trees. Bivariate mark-connection
function p(r)
Spatial distribution of alive trees CSR null model
before and after the tree mortality
period. Univariate pair-correlation

function g(r)

Spatial and size related distribution
of alive trees before and after the
tree mortality period. Mark-corre-
lation function k,,,,,(r)

Random labeling null model

@ Springer
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Table 2 Monitoring of the

) Species Alive Dead
absolute number of live and
dead trees by species throughout 1974 1989 1995 1989 1995 Total dead
the plot (300% 300 m) in
each year data was collected. P. montezumae 1610 1495 1378 115 117 232
Tracking the same tagged trees A. firmifolia 699 553 472 146 81 227
for 20 years Q. laurina 52 51 51 1 0
P. ayacahuite 2 2 2 0 0 0
Other 1 1 1 0 0 0
Total 2364 2102 1904 262 198 460
All dead trees Pinus montezumae Alnus firmifolia
$ 120 120 1201
g Dead by
o 80 801 801 5 1989
8
E 40 I 40+ 401 1995
2 [ [ "l
01 ‘ | ."H\-Hq—v— 0- q ' HH'HH’-F——! 0- HH! -
S o o o o © o o o o © o o o o
~— (] Te) ~ [} ~— (<] [Te) N~ ()] ~— () [Te} N~ ()]

Diameter Category

Fig.2 Diameter distributions of dead trees at all measurement times. The bar colors are given in the year, gray = 1989 and black =1995

Spatial patterns of dead trees

The mapped data of all dead trees during the entire 20-year
period are illustrated in Fig. 4. The overall pair-correlation
function showed that tree mortality significantly differed
from CSR at various distance after 20 years. All dead trees
were aggregated at short to medium distances (0.0-18.0 m)
(Fig. 5). The analysis by species showed some differences:
The aggregation was significant at shorter distances for P.
montezumae (< 12 m), while A. firmifolia was aggregated
at almost all distances (Fig. 5). Simultaneously, the spatial
point pattern of all alive trees in 1974 tended toward CSR
for most spatial distances r and was at least less clustered
for P. montezumae and A. firmifolia, respectively. Lastly, the
random thinning null model resulted in less clustered point
patterns for all trees as well as the point patterns separated
by species (Appendix Figs. 1-7).

Since the pair-correlation function g(r) revealed signifi-
cant clustering of dead trees, we fitted the Thomas process
to all dead trees. The Thomas process could model the
observed pattern quite well and the pair-correlation func-
tion of the observed pattern was within the simulation
envelopes at almost all distances r. The parameters of the
final Thomas process model for the all dead trees group
resulted in a density of 245.55 clusters in the whole area
(26.8 ha™!), with a mean of 1.85 offspring points around
parents points. P. montezumae showed a density of 199.16
clusters (21.74 ha™!) and a mean of 1.16 offspring points,
while A. firmifolia showed 107.79 clusters (11.77 ha™!) with
a mean of 2.07 offspring points (Fig. 6).
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Spatial relationship between dead and alive trees:
Mark-connection function p,.j(r)

The testing for density dependencies between dead and
alive trees p;(r) showed no tendencies toward competition
for most of the distances in the overall analysis (Fig. 7, left).
However, this relationship showed segregation at short dis-
tances. The analysis by species indicated that the relation-
ship for dead and all alive trees of P. montezumae had a
tendency toward segregation around 12 m (Fig. 7, middle).
However, the p value of the DCLF test was not significant.
Nevertheless, for A. firmifolia, dead trees showed segrega-
tion from alive trees at short distances and a tendency toward
attraction only significant around 15 m (Fig. 7, right).

Spatial patterns of alive trees: Pair-correlation function g(r)

In order to assess the changes in the spatial distribution of
the remaining alive trees in 1995 in contrast to the initial
alive trees in 1974, we made size classes based on percentiles
(small =[d < =33rd], medium = [>33rd d < =66th], and
large = [d > 66th]). This provides consistency by using stand-
ardized tree diameter classes to each measurement period
(1974 and 1995) and allows to have enough points to per-
form the spatial analysis. For the first measurement period
(1974), the small class included trees with d < =19 cm, the
medium class trees with 19 < d< =46.7 cm, and the larger
class trees with d>46.7 cm. For the last measurement period
(1995), the small class included trees with d < =28.7 cm,
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Fig.3 Diameter distributions of alive trees by 1974 and 1995

the medium class trees with28.7 < d< =56.6 cm, and the
larger class trees with d > 56.6 cm.

Spatial patterns for all alive trees were different among
size classes, but remain almost the same through time. By
1974, the small alive trees were more aggregated than the
other diameter classes in almost all distances, while the
medium size class trees were aggregated at short distances
and the larger trees were aggregated only at very short ones
(Fig. 8, upper plots). After 20 years, in 1995, the remaining
alive trees showed almost no difference in spatial distribu-
tions related to size classes. In a general analysis, the com-
parison of all the initial alive in 1974 vs. all the remaining
alive trees showed that the spatial pattern slightly changes
from clustered toward CSR (Appendix Fig. 8). Thus, this
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trend might continue in the future and if competition is
strong enough even a regular pattern could occur (Couteron
and Kokou 1997; Hesselbarth et al. 2018).

The Thomas cluster process was fitted only to the small
and medium size classes for the alive trees both in 1974 and
1995. The parameters of the final Thomas process model
for the small class [1974] group resulted in a density of
154.74 clusters in the whole area (17.03 ha™"), with a mean
of 5.1 offspring points. The medium class [1974] showed
a density of 940.89 clusters (102. 62 ha™!) and a mean of
0.84 offspring points. Finally, the small class [1995] has a
density of 160.66 clusters (17.66 ha~!) with a mean of 3.94
offspring points and the medium class [1995] with a density
of 727.41 clusters (79.52 ha™") and a mean of cluster size
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Fig.4 Study plot (300x300 m) showing the spatial distribution of
all dead trees, where the darker points represent P. montezumae and
the lighter A. firmifolia trees; the size of the circles is scaled to tree
diameter measured at the beginning in 1974; the x and y axes are the
distance in meters

of 0.87 offspring points (Fig. 9). Thus, for the medium class
[1974] and the medium class [1995], the Thomas cluster
process was not an appropriate null model to describe to
underlying point process because the mean number of off-
spring points was less than one point per cluster and the
clustering was probably driven by other mechanism. How-
ever, also a heterogeneous null model did not result in a
satisfactory fit.

Spatial patterns of alive trees: Mark-correlation
functionk,,,(r)

The results of the Mark-correlation Function (k,,,(r))
showed that the tree mortality did not affect the spatial size
original distribution. In general, the analysis did not show
a strong correlation between the marks; however, the alive
trees at the beginning of the period had a tendency toward
a negative correlation at different distances (6.0-18.5,
37.5-42.5 m), indicating spatial size heterogeneity, i.e.,
large and small trees being close together. This tendency

4 All dead trees 4 Pinus montezumae 4 Alnus firmifolia
u=10.15 u=20.637 u=62.851
3 p-value = 0.005 3 p-value =0.005 3 p-value =0.005
=
D24 24 24
1 e 1 o secessccssecsssessesscsssensseasssasnssna? 1 -
5 10 15 5 10 15 5 10 15
r(m) r(m) r(m)

Fig.5 Homogeneous pair-correlation function g(r) applied to all
dead trees [left], P. montezume [center] and A. firmifolia [right], by
the end of the measurement period for distances 0—18 m based on the
assumed maximum interaction distance, where the black solid line
describes the observed g(r); the gray solid lines are the fifth largest

All dead trees

and lowest values of the point-wise simulation envelopes using 199
Monte Carlo randomizations of the CSR null model. The plots show
the statistic test u and pvalues obtained through DCLF test at the
maximum interaction distances [0-18 m.]

Alnus firmifolia

Pinus montezumae

5 10 15 5
r(m)

Fig. 6 Pair-correlation function g(r) of the fitted Thomas cluster pro-
cess for the dead trees. The black solid line describes the observed
g(r); the gray solid lines are the fifth largest and lowest values of the
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point-wise simulation envelopes based on 199 simulations of the fit-
ted Thomas process; 4, and o are the intensity and standard deviation
estimated from the observed data
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Fig.7 Bivariate mark-connection function p,(r) for testing spatial
relationships between dead and alive trees for distances 0—18 m based
on the assumed maximum interaction distance. The black solid line
describes the observed p;,(r); the gray solid lines are the fifth larg-

31 Small class [1974] 3

u=8.411
p-value = 0.005

r(m)

Medium class [1974] 31

u =3.044
p-value = 0.005
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est and lowest values of the point-wise simulation envelopes con-
structed using 199 Monte Carlo simulations of the random labeling
null model. The plots show the statistic test # and p values obtained
through DCLF test at the maximum interaction distance [0—18 m.]

Large class [1974]

u =0.236
p-value = 0.3

=27
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31 Small class [1995] 31 Medium class [1995] 31 Large class [1995]
u =3.494 u=3.269 u=0.195
p-value = 0.005 p-value = 0.005 p-value = 0.59

Fig.8 Homogeneous pair-correlation function g(r) applied to all
alive trees from 1974 and the remaining ones from 1995 by diameter
classes; from smaller [left] to larger [right], where the black solid line
describes the observed g(r); the gray solid lines are the fifth largest
and lowest values of the point-wise simulation envelopes constructed

was retained by 1995, only a few small differences at very
specific distances were detected (Fig. 10).

Discussion

The focus of this research was to deepen current knowl-
edge of tree mortality in mature temperate forests. Accord-
ing to our major findings, the spatial distribution of tree
mortality i) occurred in clusters at different scales; ii) in
general, did not show strong evidence of mortality by

10 15 5 10 15

using 199 Monte Carlo randomizations of the CSR null model. The
plots show the statistic test u and p values obtained through DCLF
test. Summary functions and the DCLF tests were calculate up to the
assumed maximum interaction distance of 18 m

competition, iii) the spatial distribution of the alive trees
did not show strong changes, and iv) the spatial size het-
erogeneity of the alive trees was maintained the entire
analyzed period. These results are consistent with other
studies carried out in mature and old-growth forests (Get-
zin et al. 2006; Larson et al. 2015).

Spatial patterns of dead trees

Trees that died in the study area and during the sampling
term were spatially clustered at short and medium distances
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Fig. 9 Thomas cluster process 3.01 Small class [1974] 3.0 Medium class [1974]
applied to the pair-correlation
function g(r) of alive trees by 54
class, where the black solid line 2.
describes the observed g(r); the
gray solid lines are the 95% the 2.01
fifth largest and lowest values R
of the point-wise simulation 1.5
envelopes using 199 Monte
Carlo randomizations of the i
Thomas cluster process; 4, and 1.0
o are the intensity and standard T T T T T T
deviation from the fitted point 5 10 15 5 10 15
process model
3.0 1 Small class [1995] 3.0 1 Medium class [1995]
2.5 2.51

5 10
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u=0.016
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Fig. 10 Mark-correlation function k,,,(r) applied to alive trees at
the beginning [left] and the end [right] of measurement period using
diameter as mark. The black solid line is observed k,,,(r); the gray
solid lines are the fifth largest and lowest values of the point-wise

(0.0-18.0 m). In general, this clumped arrangement of dead
trees is driven by mortality due to competition, often related
to the self-thinning process in young forests (Kenkel 1988;
Kenkel et al. 1997; Landsberg and Sands 2011; Wiegand and
Moloney 2014) and by non-competitive or agent-based tree
mortality, where mortality is caused by a variety of distur-
bance agents (White and Pickett 1985; Franklin et al. 2002;
Landsberg and Sands 2011). In the study region, the most
common disturbance agents are fire, diseases, and anthro-
pogenic interventions (Rodriguez-Trejo 2008; Fonseca-
Gonzilez et al. 2016). However, by the time of this study,
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simulation envelopes constructed using 199 Monte Carlo randomiza-
tions of the random labeling null model. The plots show the statis-
tic test u and p values obtained through DCLF test at the maximum
interaction distance [0—18 m]

only a small fire was detected in the southern part of the
plot that was contained before it caused a mayor damage to
the trees.

In general, other causes of agent-based tree mortality are
related to environmental factors, such as high temperatures
and droughts (Franklin et al. 1987; Landsberg and Sands
2011; Wang et al. 2012). Throughout the region, there were
severe drought seasons in 1983 and 1988 [— 3/—4 values of
the Palmer Drought Severity Index (PDSI)] (Stahle et al.
2016) before the first re-measurement in 1989, overlap-
ping with El Nifio/Southern Oscillation events (Wolter and
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Timlin 2011). Severe droughts cause stress on trees and can
increase their probabilities to die (Franklin et al. 1987; Wang
et al. 2012; Choat et al. 2018). This provides another per-
spective that might help explain the spatial patterns of dead
trees in Fig. 5 and the mortality rates shown in Table 2 and
Fig. 2, similarly to the study of van Mantgem and Stephen-
son (2007) in a temperate forest.

In this context, more research is needed in order to under-
stand the effect of droughts on the species studied and to
answer possible questions related to drought-induced tree
mortality. For example, are these species tolerant or intoler-
ant to drought and to what kind of drought are they adapted
better. In this sense, McDowell et al. (2008) provide a theory
on the hydraulic framework and the mechanisms of drought-
induced tree mortality. In their study, three mechanisms are
hypothesized: (1) carbon starvation, referring to the reduc-
tion of photosynthesis caused by drought, (2) hydraulic fail-
ure, occurring when the drought induces desiccation and (3)
biotic agents (insects and pathogens), referring to the syn-
ergy given by the combination of biotic agents and hydraulic
failure or carbon starvation (McDowell et al. 2008).

In this respect, Himmelsbach et al. (2012) investigated
the stomatal regulation of water status in a mixed pine-oak
forest in northern Mexico. Where the species studied showed
different water status regulation strategies, Pinus pseudos-
trobus was classified with isohydric water status regulation
and Juniperus flaccida and Quercus canbyi with anisohy-
dric water status regulation. This implies different responses
to drought, e.g., while isohydric species respond better to
severe but short drought events, anisohydric species are bet-
ter adapted to long-term, low intensity drought events (Bres-
hears et al. 2009; Himmelsbach et al. 2012). Defining these
mechanisms is crucial to understand the drought-related tree
mortality (McDowell et al. 2008) and the potential effects of
climate change. Therefore, it is also important to establish
long-term studies about plant strategies to drought such as
the isohydric and anisohydric regulation (McDowell et al.
2008; Himmelsbach et al. 2012) and their effects on forest
spatial structure.

Spatial relationship between dead and alive trees

Competitive tree mortality by suppression, i.e., alive trees
surrounded by dead ones, was not supported by the data.
Only A. firmifolia showed a tendency to aggregation with
alive trees, although it only showed a deviation from CSR
at distances of around 15 m. Therefore, it would not be
appropriate to assume tree mortality related to competition,
because the mean crown radius for A. firmifolia is about
2 m and for P. montezumae is about 3.5 m, meaning a low
probability of crown overlapping. Other processes could be
a possible explanation for this: i) age, as this species is a
pioneer species (Gutiérrez-Guzman et al. 2005) and whereas

as the forest succession develops other species take its place,
ii) disturbance agents, the severe droughts seasons in 1983
and 1988. Especially in the second case, severe droughts
would exacerbate competition for water as a limited resource
(Franklin et al. 1987; Landsberg and Sands 2011; Wang
et al. 2012), resulting in clusters of dead trees, a situation
that would be explained more by the scramble competition
hypothesis (Wiegand and Moloney 2014).

Spatial patterns of alive trees

The uniform distribution theory, according to which tree
mortality results in a regular spatial distribution of the
remaining living trees, was not fully supported by the study.
However, processes that usually lead to uniform distribution
of the remaining trees are especially found in young forests
(Kenkel et al. 1997; Larson et al. 2015). In other cases, old-
growth forests showed no significant changes toward uni-
formity (Larson et al. 2015). Nevertheless, it is expected in
old-growth forests that tree mortality by non-competitive
agents leads to a heterogeneous distribution of alive trees
(Franklin et al. 2002) and forests that have spatial and size
heterogeneity become more resilient to disturbances (Ste-
phens et al. 2008).

In this research, the rates of tree mortality maintained
the size spatial heterogeneity through time (Fig. 10). This is
to a certain extent, similar to fire-resilient forests of Jeffery
pine in California (Stephens et al. 2008). This has important
management implications, because historically in Mexico
some common silvicultural treatments have been focused
to produce uniform stands (Bray and Merino-Pérez 2005),
contrasting with the natural structure of resilient forests.
Besides, our results can be used as basis for designing forest
restoration programs, based on spatial and size heterogeneity
to promote stands close to natural structures similar to those
found in this study.

Conclusions

To the best of our knowledge and especially for the Mexican
forests, there is a lack of long-term data and spatially explicit
tree mortality taken from medium-large plots. This study
has both, a relatively large plot and standardized repeated
measurements over 20 years; however, for this work, no spa-
tial data of recruitment were taken. In addition, the minimal
size of the trees to be included was 7.5 cm of diameter at
1.30 m above the ground. Therefore, we recommend that
further research should include more information regard-
ing seedlings and a standardized protocol for recording dis-
turbances. Besides, although the measurement period was
about 20 years, it is still a short period given the time needed
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for the forest to grow, thus we believe that an even longer
time period is needed to have a better understanding of gen-
eral forest processes.

Finally, this study provides relevant information on tree
mortality and shows that it is a dynamic process that changes
over time, space, and is species dependent. Understating tree
mortality dynamics and the process that generate specific
spatial patterns in forests is fundamental to the sustainable
forest management (Franklin et al. 2002, 2007; Stephens
et al. 2008). In accordance with the principles of the continu-
ous cover forestry or close to nature forestry (Gadow et al.
2002), it is necessary to understand how natural forests as
dynamic systems develop through time and space in order to
emulate these natural energy inputs and outputs throughout
silvicultural treatments.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10342-023-01542-3.
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