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Abstract

Aim of study: Understanding small-scale patterns caused by stochastic factors or community interactions driving forest structure and
diversity of Moroccan fir Abies marocana Trab.

Area of study: Talassemtane fir forest, Talassemtane National Park, Rif Mountains, northern Morocco.

Material and methods: Eight plots representative of the structural variability of A. marocana forests were selected, and all tree indivi-
duals with diameter at breast height (dbh) >2 cm were mapped and measured. We performed four types of spatial point pattern analyses:
(1) Univariate analyses to explore the overall trees spatial pattern, (2) bivariate analyses to assess the spatial relationship between juveniles
and A. marocana adults, (3) correlation between tree sizes (dbh) and distance between points pairs using the univariate mark correlation
function, and (4) random labeling analysis between dominant and suppressed Moroccan fir individuals to assess competition patterns.

Main results: We found a strong spatial aggregation of fir individuals and a positive intraspecific association between juveniles and adult
trees. However, there were weak but significant distance-dependent effect on tree size and density-dependent effect on suppression pattern.

Research highlights: Shade-tolerance, seed dispersal and/or microsite heterogeneity might play important roles in the observed fir pat-
terns. Our results provide a basic knowledge on within-stand Moroccan fir spatial distribution, with implications for adaptive management
of these relic forests, and prompting to further research to test advanced hypotheses.
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Introduction

Understanding patterns and scales driving stand struc-
ture and diversity is a main topic of forest ecology (Le-
gendre & Legendre, 1998). Forest dynamics drives the
trees” spatial patterns, while this spatial structure also
determines to a large degree the properties of the whole
forest ecosystem (Gadow et al., 2012). Specific processes
generate particular patterns of growth and regeneration

leading to upcontrasting structural arrangements (Ga-
dow et al., 2012). Spatial pattern influences key aspects
of ecosystem functions, including disturbance resistance
and recovery dynamics, regeneration, snow retention,
and habitat quality, as has been studied in fire-prone pine
and mixed-conifer forests (Churchill ef a/., 2013). Hence,
spatially explicit approaches are widely recommended for
ecosystem management (Gadow et al., 2012). In the case
of endangered tree species, spatial pattern analyses might
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be useful to guide conservation purposes (Raventos et al.,
2011).

Consequently, stand structure and diversity has recei-
ved increasing interest from forest managers in the recent
decade (Schall et al., 2018). Multiple stand structural at-
tributes characterize stand types, affecting management
and driving the stand productivity (Schall et al., 2018).
Fine-scale spatial structure is generally assessed by point
pattern analyses based on second-order statistics of the
overall point-to-point distances in a mapped region (Le-
gendre & Legendre, 1998). These statistics provide a key
tool for identifying spatial pattern types and scales and
allow concluding if a pattern is clumped, regular or ran-
dom (Legendre & Legendre, 1998; Wiegand & Moloney,
2004). Processes controlling spatial patterns of forest
species has been investigated by point pattern analyses
in temperate (Getzin et al., 2006, Carrer et al., 2018), tro-
pical (Wiegand et al., 2007) and Mediterranean regions
(Raventds et al., 2010, Garcia-Cervigon et al., 2017).
Here we focused on the Moroccan fir, Abies marocana
Trab., a North African Tertiary relict species of the group
of circum-mediterranean firs (Linares, 2011). This spe-
cies has sometimes been considered as a subspecies of the
Spanish fir, Abies pinsapo Boiss. Other authors suggested
to split it into two species, Abies marocana and A. tazao-
tana Cozar ex Hug. Villar (Arista & Talavera, 1994; Far-
jon, 2010). More recent molecular and biometric studies
have converged towards the separation of the Moroccan
and Spanish firs (Sekiewicz et al., 2013, Dering et al.,
2014). In the present study we adopted the classification
of Fennane et al., (1999) considering Moroccan fir within
a single endemic species.

Despite MF is included in a protected area, increasing
human pressure, particularly by forest clearance for the ex-
pansion of Cannabis cultivation, logging, pollarding and
grazing is still present. Furthermore, it is a drought-sen-
sitive species, considered highly vulnerable to expected
global warming during the second half of the 21st century
(Sanchez-Salguero et al., 2017). Three decades ago, Mel-
haoui (1990) reported a lack of natural regeneration of
MF and suggested two main causes: summer water stress
and overgrazing by goats. Recently, Linares et al., (2011)
reported a high regeneration dynamic of this species. Cas-
tello et al., (2016) found that MF population was structu-
rally sustainable, whereas the combined fir populations in
Spain and Morocco were structurally unsustainable due to
excessive mortality. Actually, the species dynamic is not
well understood while there is an urgent need to develop
studies that inform conservation management.

The aim of this study was to assess spatial patterns of
the Moroccan fir in forest stands in order to explore un-
derlying processes. Given limited seed dispersal by wind
in this fir and its tolerance to shade, we hypothesized in-
traspecific spatial aggregation patterns. These patterns of
aggregation were tested by applying a univariate analysis
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and considering the location of stems (analysis 1). Spa-
tial distribution of juveniles, relative to adult trees, was
explored by a bivariate spatial analysis (analysis 2). Con-
tinuous size data (dbh) was included in marked point pa-
ttern analysis (analysis 3) to test the effect of proximity
assuming that the dbh of two neighboring points tend to
be smaller if they exhibit a competitive interaction (nega-
tive correlation), while they tend to have larger dbh than
expected when a facilitative interaction is operating (po-
sitive correlation) (Getzin et al., 2006, 2008; Illian ef al.,
2008; Wiegand & Moloney, 2014). In the case of denser
stands intraspecific competition may be strong and result
in tree suppression or even mortality. We evaluated den-
sity-dependent suppression by random labeling analysis
(analysis 4) of the relative distribution of dominant vs su-
ppressed trees (Gavrikov & Stoyan, 1995). If suppressed
trees are close to dominant ones we expect a one-sided
intraspecific competition, whereas a symmetric competi-
tion would be inferred in the case of aggregation of su-
ppressed individuals and their segregation from dominant
trees (Raventos et al., 2010; Wiegand & Moloney, 2014).

Materials and Methods

Species and study site

Moroccan fir (MF) is located in a quaternary refuge
with exceptional high moisture conditions, in the core
area of Talassemtane National Park (TNP) in Northern
Morocco. The area is included, since 2006, in the Me-
diterranean Intercontinental Biosphere Reserve of Spain
and Morocco, established by the UNESCO’s Man and the
Biosphere Program. Its forests have been recognized as a
biodiversity hotspots and a centre of endemicity (Médail
& Diadema, 2009). Moroccan fir is on the [UCN Red List
as a globally threatened species in the category "Endange-
red" (Alaoui et al., 2011).

The study was carried out in the main distribution
area of A. marocana at the TNP located in the western
Rif Mountains, Chefchaoun, Morocco (Fig. 1). MF is
distributed within two main forests: the Jbel Tazaout, ac-
counting for about 300 ha and the Talassemtane range,
accounting for about 3760 ha. MF is restricted to limes-
tone and dolomitic substrates, at elevations between 1500
and 2000 m, on north, east and west slopes, in Mediterra-
nean humid and perhumid bioclimates. In the upper limit
of its area, MF is progressively replaced by the Atlas ce-
dar Cedrus atlantica (Endl.) Carriére, while the Maghreb
maritime pine Pinus pinaster Aiton subsp. hamiltonii var.
maghrebiana Huguet del Villar dominates the lower part
with the holm oak Quercus ilex L. and black pine Pinus
nigra Amold subsp. mauretanica (Maire and Peyer.)
Heywood (Aafi, 2000). Soils are predominantly Alfisols
and Mollisols developed on calcareous and dolomitic
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Figure 1. Location of the study area within the Talassemtane National Park. Shaded area shows the main Abies maro-

cana forests.

parent material (Benjelloun, 1993). Annual rainfall va-
ries between 500 mm in the eastern valleys and more
than 1500 mm on the high mountain peaks (Jbel Lakraa
2156 m). The snow is present but occasional (Benabid,
2000). Mean temperature is around of 12-14 °C and ex-
treme values for the mean of absolute maxima and abso-
lute minima are 33°C and -3°C, respectively (Ghallab &
Taiqui, 2015).

Field sampling

We sampled eight plots located in MF stands at the
TNP with radius of 15 to 20 m depending on topogra-
phy, for instance rock outcrops. In each plot, we recorded
the distance of all trees to the center of plots and their
azimuth, in order to determine their coordinates (x, y). A
total of 908 trees (including 670 MF) were registered and
measured, with a mean of 113 trees per plot. For each
tree, we measured the diameter at breast height (dbh) of
all individuals with dbh > 2 cm. The status of trees was
labeled as dominant individuals, suppressed individuals
(trees green canopy only in the upper third), snags (stan-
ding dead trees), logs (downed dead wood) and stumps
(cut-surface). We recorded the coordinates and topogra-
phic characteristics of each plot (elevation, aspect, and
slope) in the field by means of a global positioning system
(GPS). Observed signs of disturbance or human impacts
were registered (fire, cutting, grazing, trampling). The
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field work was carried out during the spring of 2010 and
the summer of 2017.

Data analysis
Stand characterization

Density of stems (trees ha') with dbh > 2 cm was cal-
culated for MF in each of the eight plots as well as its
basal area (m? ha™'), mean dbh (cm) and the percentage
of adults (dbh > 10 cm) and juveniles (2 < dbh < 10 cm).
For other conifers and broad-leaved species, only stem
densities are reported in this article. The analysis of these
structural elements allows making an overall description
of sampled plots. For each plot, the distribution of dbh
was assembled on 5-cm classes. H' = — Zi; pi In(pi),
was calculated both for woody species (pi corresponding
to the proportion of trees being to the i-th species and S
the number of woody species), and for dbh (pi represen-
ting the fraction of individuals belonging to the i-th dbh
class and S the number of size classes) (Buongiorno et
al., 1994).

Spatial pattern analyses

Analysis 1: We used the univariate pair-correlation
function g(r) to measure both the intensity and scale the
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tree spatial pattern (Ripley, 1977; Stoyan & Stoyan, 1994;
Wiegand & Moloney, 2004; Law et al., 2009). The g(r)
is the expected number of points of the pattern at dis-
tance r from an arbitrary point of the pattern, divided
by the pattern intensity A in the plot (Wiegand & Molo-
ney, 2004). It is calculated in the same way as Ripley’s
K-function but with replacement of circles by rings,
which gives to g(r) a non-cumulative character (Stoyan
& Stoyan, 1994). In univariate analyses the Complete
Spatial Randomness (CSR) is by far the most used null
model (Velazquez et al., 2016) under which: g(r) = 1,
g(r) > 1 for aggregation while g(r) < 1 for segregation.
Because of the heterogeneity present in the plots, a He-
terogeneous Poisson (HP) null model was used which
assumes that the pattern intensity A varies slightly with
location (X, y) (Stoyan & Stoyan, 1994; Wiegand & Mo-
loney, 2014). HP takes into account forest heterogenei-
ty and thus reflects realistically tree-to-tree interactions
(Carrer et al., 2018).

Analysis 2: Weused a bivariate version of the pair-corre-
lation function g;,(r) to assess the relationship between
adults (dbh > 10 cm) and MF juveniles (2 <dbh < 10 cm).
It analyzes the association between all pairs of points of
two patterns. The g,(r) is the density of pattern 2 points
(juveniles in our case) at distance r from a typical point of
pattern 1 (adults) divided by the density A2 of pattern 2
points (Raventos et al., 2011). For this analysis, we tested
the antecedent condition hypothesis (Wiegand & Molo-
ney, 2004) by randomizing the position of the juveniles
(pattern 2) and keeping the position of the adults (pattern
1) fixed. This null model is largely used in young-adult
associations (Carrer et al. 2013, Velazquez et al. 2016)
since it is applied for situations when two types of points
are not created at the same time, but in sequence (Szmyt,
2014), which is the case of juvenile-adult relationships.
Under antecedent condition, there is independence, at-
traction or repulsion for g;,(r) = 1, gp(r) > 1 or g(r)
<1, respectively.

Analysis 3: In addition to point pattern locations,
other information can be integrated in the analysis,
usually called as “marks” such as tree size (dbh in our
case) (Wiegand & Moloney, 2004). Effect of intraspeci-
fic interaction on individual growth was analyzed using
univariate mark correlation function k,,,(r) which quan-
tifies the similitude or dissimilitude between the marks
m; and m; of two neighboring fir trees i and j, separated
by distance r (Illian et al., 2008; Wiegand & Moloney,
2014). It corresponds to the test function of size product
f(m;, m;) = m;*m; normalized by division by the squared
mean mark for all marks in the plot (Getzin et al., 2008).
If k(1) > 1, the two trees tend to have larger dbh than
average marks when they are nearby (e.g. positive corre-
lation), while a value of k,,, (r) <1 indicates individuals
tend to have smaller dbh (e.g. negative correlation), and
if kKom(r) = 1 the two marks are independently assigned
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to individuals (Illian et al., 2008; Wiegand & Moloney,
2014). We used the independent marking null model
that randomly shuffies the mark among all MF indivi-
duals (Wiegand & Moloney, 2014). It assumes that dbh
values are independent of individual location (Stoyan &
Stoyan, 1994).

Analysis 4: We used random labeling null-model to
test partial-pair correlation function and mark connec-
tion function of two categories of MF trees: suppressed
trees vs trees in good condition (hereafter referred to as
dominant trees). As suggested by Goreaud & Pélissier
(2003), random labeling null model is appropriate when
such categories are considered to result mainly from diffe-
rent growing conditions affecting a posteriori a single
population. The bivariate pair correlation has been defi-
ned in analysis 2 and it is applied here to test attraction
vs repulsion among these two patterns (suppressed and
dominant trees) under random labeling null model. The
mark connection function p,,(r) describes the probabili-
ty of suppression of MF trees in dependence of the dis-
tance r to conspecific trees (Gavrikov & Stoyan, 1995;
Illian et al., 2008). Under random labeling, p,»(r) = p; pa,
where p, is the proportion of suppressed trees among all
MF individual. For p;,(r) < p; p,, suppressed trees and
trees dominant trees are segregated at distance r within
all individuals while larger values of p,, indicate a po-
sitive association (Gavrikov & Stoyan, 1995; Raventos
etal.,2010).

For each type of analysis, data from the eight sampled
plots were combined inside one average function (Illian et
al., 2008; Wiegand & Moloney, 2014) to serve as statisti-
cal replicates. The eight sampled plots have been selected
according to conditions of replicate analysis (same study
area, within a limited range of environmental variation)
from a total of 19 original plots. The common method is
to estimate the statistical functions separately for each plot
and then to aggregate the estimates in one mean overall
test statistic (Illian et al. 2008). Practically, we performed
data analysis for each plot separately, and then we com-
bined the results into a single summary statistic and pro-
duce the associated simulation envelopes. Programita ®
(htpps://programita.org), a software for spatial point pat-
tern analysis in Ecology, uses an aggregation formula in
which the estimator of the O-ring statistic is combined
with that of the intensity (Equations 3.107 and 3.108 in
Wiegand & Moloney, 2014, p. 249-250) to obtain the final
aggregated estimator of each test function.

For all analyses and for each null model we performed
199 Monte Carlo simulations of the envelope limits be-
tween fifth lowest and highest values (Wiegand & Molo-
ney, 2014). If the curve of observed function fall outside
the upper simulation envelope there is a positive associa-
tion (aggregation or attraction), while if the empirical cur-
ve is below the lower simulation envelope a negative as-
sociation is expected (segregation or repulsion). Finally,
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the patterns are independent if the observed function is
fitting inside simulation envelopes. To assess the ability
of the null models to reflect the data we used a goodness-
of-fit test GoF (Loosmore & Ford, 2006).

All spatial pattern analyses were done with Programi-
ta software (Wiegand & Moloney, 2014).

Results
Stand composition and characteristics

Moroccan fir density, basal area and tree size and other
structural characteristics across the eight studied plots are

given in Table 1. MF Maximum density and highest basal
area were recorded in plot 3 with 1386 trees ha'! and 68.9
m? ha'l, respectively; the minimum ones in plot 7 and plot
6 with 392.6 trees ha! and 19.1 m? ha'!, respectively. The
percentage of juveniles was higher than that of adults in
plots situated at higher altitudes. Mean dbh of MF was
the highest in the low elevation plot 2 (20.6 cm) and sma-
ller in plots 3 to 6 (similar mean values around 13 cm)
(Table 1).

In terms of MF status, the densest plot (plot 3) con-
tained the highest density of suppressed and dead trees
(580.0 and 155.6 trees ha’!, respectively, Table 1). Con-
versely, less dense plots generally showed lower density
values of dead wood which did not exceed 8.0 trees ha!

Table 1. Main geographic, topographic and structural characteristics of sampled plots in Moroccan fir forest

Plots 1 2 3 4 5 6 7 8

Latitude (N) 35°14027  35°151110  35°137780  35°143170  35°137778  35°111389  35°121389  35°116667

Longitude (W) -5°14090  -5°141194  -5°140350  -5°140210  -5°121389  -5°133889  -5°068056  -5°056389

Elevation (m a.s.1) 1743 1620 1760 1694 1715 1420 1550 1450

Aspect NE SE NE NW NNW w NE NW

Slope (°) 22 24 7 45 20 5 35 35

Abies marocana (trees ha') ~ Total Density  628.7(75)  891.2(63)  1386.3(98) 1075.1(76) 676.4(85)  557.0(70)  392.6(111) 732.1(92)
Juveniles 397.9(47)  396.1(28)  961.9(68)  622.4(44)  429.7(54)  286.5(36)  208.7(59)  445.6(56)
Adults 230.8(28)  503.6(35)  424.4(30) 452.7(32) 246.7(31) 270.6(34) 183.9(52)  286.5(36)
Dominant 302.4(37)  608.3(43) 622.5(44) 693.2(49) 103.5(13)  87.5(11) 113.2(32)  95.5(12)
Suppressed ~ 302.4(35)  155.7(11) 580 (41) 268.8(19)  421.8(53) 413.8(52)  198.1(56)  509.3 (64)
Dead 8 70.8 155.6 99 87.5 0.0 14.1 31.8
Stump 16 56.6 283 14.2 63.7 55.7 67.2 95.5

Cedrus atlantica (trees ha™') 206.9 141.5 396.1 84.9 254.6 239 0 0

Pinus nigra (trees ha™') 63.7 0 0 56.6 0 0 0 0

Juniperus oxycedrus (trees ha™) 15.9 0 0 424 4 0 31.8 0 0

Acer granatense (trees ha™') 0 171.1 14.1 14.1 15.9 23.9 28.3 55.7

Crataegus laciniata (trees ha') 8 0 14.1 56.6 0 0 0 0

Quercus ilex (trees ha') 0 0 0 0 0 302.4 0 23.9

Quercus faginea (trees ha') 0 0 0 0 0 15.9 0 0

Taxus baccata (trees ha™) 0 0 0 0 39.8 23.9 0 0

lex aquifolium (trees ha™) 0 0 0 0 0 8.0 0 0

Viburnum tinus (trees ha™) 0 0 0 0 0 23.9

Abies marocanabasal area (m® ha™") 274 60.8 68.9 34 222 19.1 58.9 49.8

Abies marocanamean dbh £ SD (cm) 1471185 206+21.2 13.6+212 138+14.6 13.0%158 13.7£152 185%22.6 17.8%£23.5

H' species 0.89 0.76 0.61 1.05 0.80 1.09 0.25 0.50

H’dbh 1.9 2.19 1.72 1.87 1.73 1.69 1.82 1.68

In the present study, we considered as juveniles individuals with 2 < dbh < 10 ¢cm and as adults those with dbh > 10 cm. For Mo-
roccan fir, we estimated tree status as: dead individuals (snags and logs), suppressed and stumps. For the other species, only the
total density is shown. Number of Moroccan fir individuals included in spatial analyses is shown between brackets for each plot
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in plot 1 and was absent in plot 6. Plot 8 contained the hi-
ghest density of stumps (95.5 stem ha!) followed by plots
7 and 5 (67.2 and 63.7 trees ha’!, respectively, Table 1).

There were other woody species that were classified
into two groups (Table 1): conifers (mainly Cedrus atlan-
tica, Juniperus oxycedrus and Pinus. mauretanica) and
broad-leaved species (mainly Acer granatense and Cra-
taegus laciniata). Cedrus atlantica was the second domi-
nant species (after MF). Its density reached 396.1 trees
ha! in plot 3. Despite its low density, Acer granatense
was found in all except one plot. Other important species
occurred to a lesser extent, such as Pinus nigra, Juniperus
oxycedrus and Crataegus laciniata. The plot 6 compri-
sed almost all these species and thus presented the highest
Shannon’s species diversity index (H' species, Table 1),
while plots 7 and 8 had the lower values of H' species
(with 0.25 and 0.5, respectively). The highest value of
H’ (dbh) was found in plot 2 (H'dbh=2.19), whereas the
smallest values were recorded in plots 8 and 6 (1.68 and
1.69, respectively).

Diameter distribution of MF in all sampled plots
showed reverse-J shape (Fig. 2) with a high number of
trees in the smaller size classes but wider size classes
were relatively rare. All plots showed diameter distribu-
tion peak in the smallest dbh class (2—5 cm), and all had
stems until the diameter range of 30—35 cm. Plots 1, 2 and
3 presented the larger diameter distribution, while plot 4
did not contain individuals larger than 55 ¢cm of dbh.

Spatial pattern of Moroccan fir

The number of Moroccan fir individuals included in
spatial pattern analyses is reported between brackets for
each plot in Table 1 and the locations of all measured trees
by plot are reported in Figure S1 [suppl.]. Result of univa-
riate pair correlation function using all MF trees is shown
in Figure 3a. The g(r) of the replicated plots indicated a

significant aggregation (p = 0.005) up to 3 m. Individuals
of MF have more conspecifics in their close neighborhood
than expected by the null model. Bivariate analysis of the
relationship between MF juveniles (2 < dbh < 10 cm) and
adults (dbh > 10 cm) showed a strong significant attrac-
tion between the two size classes in the combined plots up
to 2 m (p = 0.005, Fig. 3b). Juveniles were clearly more
aggregated around adult trees than expected by the null
model.

The mark-correlation functions kg,(r) showed a
non-significant negative correlation (p = 0.015) up to a
distance of 2 m and at 9-11 m. This indicated that sizes of
MF individuals were independently distributed from their
location (Fig. 4a). Finally, for the random labeling analy-
sis, the pair correlation function g;,(r) showed a weak but
significant departure from the null model at 2.5-3.5 m (p
= 0.005, Fig. 4b). This indicates that there is repulsion
between suppressed and dominant individuals. The mark
connection function p,,(r) revealed similar results; a nega-
tive association between dominant and suppressed trees is
shown at a small-scale of 2.5-3.5 m (p = 0.005, Fig. 4c).
Consequently, when randomly selecting two points with
this scale r there was a high probability that both were
dominant or that both were suppressed.

Discussion

The density of young trees was higher than that of
adults in all except one plot and reached 961.9 trees ha’!
in plot 3 (Table 1). The frequency distribution of tree dbh
classes showed an overall J-reverse shape reflecting a
good regeneration capacity with a prompt decline in the
abundance of larger-size trees (Fig. 2). Similar results
were found by Linares et al., (2011) and recently by Na-
varro-Cerrillo et al. (2020) in TNP. Tree density and basal
area were higher at high elevation and were associated
with increasing rates of mortality. Besides, the percentage
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Figure 2. Frequency distribution of diameter at breast height (dbh) of Abies marocana

in all sampled plots.
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Figure 3. (a) Univariate pair correlation function g(r) of the overall Abies marocana.
(b) Bivariate pair correlation function g;,(r) of two fir size classes: juveniles with dbh
< 10 cm (pattern 2) and adult trees with dbh > 10 cm (pattern 1). Dotted line indicates
the empirical curve, gray line indicates the expected value under the null model (Hete-
rogeneous Poisson for univariate g(r) and independence for bivariate g;,(r)) and black
lines indicate limits of 199 Monte Carlo simulation envelopes.

of young trees increased as elevation did, while mean tree
diameter was relatively higher at lower elevation (Table
1). A similar decrease of tree height as elevation rises has
been reported by Benabid (1982). The resulting diversity
of tree sizes is lower at low altitude. Regarding species ri-
chness, overall diversity of woody species was relatively
higher at middle and lower elevations (plots 4 and 6).
MF attained relatively higher mean dbh values in less
dense stands (plots 2 and 7) which have lower values of
Shannon’s dbh index (H’ dbh, Table 1). Similar relations-
hips between size diversity, wood species diversity and
stand density were found by Linares et al., (2011). Com-
pared to Spanish fir forests, MF forests are characterized
by higher species diversity (Aafi, 2000; Benabid, 2000;
Linares et al., 2011) due to the presence of several tree
species mainly C. atlantica, A. granatense, P. nigra and J.
oxycedrus. The presence of these species with their struc-
tural features descripted in the present study was similar
to the results found by Navarro-Cerrillo et al. (2020).
Nevertheless, our results also support other environ-
mental factors affecting MF forest structure and diversity.

Forest Systems

Hence, stumps frequency, especially of small sized trees
indicating human perturbation, mainly at low elevation
(plots 8, 7, 6, 5 and 2). In the Rif, forests have deeply
suffered from an abusive exploitation since the protecto-
rate period (Benabid, 2002) which was reflected by the
absence of very large size classes (Fig. 2). However, be-
fore this period, the exploitation by local populations was
relatively less important although it has considerably in-
creased over last decades (Benabid, 2002). In a compari-
son between Moroccan and Spanish fir stands, Linares et
al., (2011) reported a widespread logging activity by local
inhabitants in Talassemtane forest. Furthermore, anthro-
pogenic pressure, especially the extension of Cannabis
crops, remains a major threat to the maintenance of MF
forests (Benabid, 2000; Taiqui, 2005). Previous studies
reported the predominance of these crops at low altitudes;
however, at present, Cannabis crops are increasingly be-
coming the main driver of deforestation of MF and other
mountainous forests in Northern Morocco.

We found a significant spatial aggregation of Moroc-
can fir trees, at a fine scale of up to 3 m, as showed by the
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Figure 4. (a) Univariate mark-correlation function k.,,(r) of Abies marocana tree size
(dbh). (b) Random labeling analysis of firs (living trees vs suppressed trees) using par-
tial-pair correlation functions g,(r) and (c) mark connection function p;,(r). Dotted
line indicates the empirical curve, gray line indicates the expected value under the null
model (independent marking for k,,.(r) and random labeling for g;»(r) and pi»(r)) and
black lines indicate limits of 199 Monte Carlo simulation envelopes.

univariate pair-correlation function (Fig. 3a). This result
is refined by the bivariate analysis of two size classes; MF
young individuals are mainly concentrated around adult
trees at small-scale (up to 2 m; Fig. 3b). Additionally, mar-
ked point pattern analyses showed that individual tree dbh
is independently distributed from location, which indicate
that aggregation does not affect tree size (Fig. 4a). As su-

Forest Systems

ggested for other Mediterranean ecosystems (De Luis et
al., 2008), the observed MF pattern may be produced by a
combination of various mechanisms including its limited
seed dispersal, shade tolerance and the ecological effects
of spatial heterogeneity of resources and conditions. The
general context of climatic stress and human pressure
should be also considered.
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Spatial patterns of tree species usually show a scale-de-
pendent aggregation that is generated by seed dispersal
limitation (De Luis et al., 2008; Zhang et al., 2013). Wind
dispersal can cause short distance dissemination away
from source leading to seed shadow around adult trees
(Wiegand et al., 2007). Seeds that did not dispersed far
from adult trees are accumulated under the crowns so that
few juveniles are found far from the adult stems (LeMay
et al., 2009; Raventos et al., 2011; Garcia-Cervigén et
al., 2017). Like other Mediterranean firs and pines (Gar-
cia-Cervigén et al., 2017; Abellanas & Pérez Moreno,
2018), MF seeds are wind-dispersed. Melhaoui (1990) es-
timated that the dispersal distance of MF is almost always
less than 5 m. Our finding supports this estimation since
the aggregation of juveniles around MF adults occurred
up to 2 m (Fig. 3b).

However, seedling establishment at short distan-
ce from adults depends on species preferences and it is
usually thought to be affected by spatial heterogeneity
and its effects on habitat quality (Zhang et al., 2013). For
example, shade tolerance or intolerance abilities can play
an important role in species spatial pattern (Abellanas &
Pérez-Moreno, 2018). But unlike wet sites where seed-
lings development is strongly influenced by light (Chave,
2000), the limiting factor at dry sites seems to be moisture
where large trees offer moister microsites to small trees
(LeMay et al., 2009). In our case, like the majority of fir
species, MF is a shade-tolerant species that regenerate un-
der canopy layer (Baumer, 1977). Previous studies on MF
also found that the moisture factor plays a crucial role in
natural regeneration (Melhaoui, 1990). Clumping of MF
juveniles under adult trees is due to the favorable mois-
ture conditions below canopy and shade-tolerance ability
of juveniles.

Taking separately, almost all plots showed aggre-
gated pattern of MF trees. The exceptions were plots 6
and 8 for the univariate analysis and plots 5 and 8 for
the bivariate one, which showed random and independent
patterns, respectively (Fig. S2 and S3 [suppl.]). These
departures from the general findings might be explained
by a higher anthropogenic pressure reflected by the high
amount of stumps in these plots. Indeed, many studies
reported that anthropogenic activities such as logging
can modify the spatial structure of the stand (Motta &
Edouard, 2005).

In addition to seed dispersal limitation and environ-
mental heterogeneity, biotic interactions play an impor-
tant role in the dynamics of an ecosystem and can induce
specific structures (Goreaud & Pélissier, 2003). Previous
studies have used second order statistics to study the re-
lationships between spatial patterns and biotic processes,
and have reported positive, independent and negative
correlations between tree positions and sizes. In a study
of Pistacia atlantica in a semi-arid region of Iran (Erfani-
fard et al., 2018), bivariate analysis revealed a spatial ag-
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gregation of saplings around females while mark analysis
using k..,(r) showed a negative correlation between dbh
and position. In this case, aggregation negatively affects
size. In a large study area covering 30 ha in a temperate
old-growth forest in China, Zhang et al., (2013) identi-
fied mostly independence of tree dbh at greater distances
using k,,,,(r), but highly significant negative correlation at
short distances for the majority of species and some cases
of significant short-distance attraction of dbh associated
with the light-demanding shrub species. Jacome-Flores et
al., (2016) found at Martinazo site in Spain a clustered dis-
tribution of dwarf palms Chamaerops humilis individuals
while their size did not show a spatial correlation. They
suggested that this result can be seen when using small
sample sizes, which produce noticeably wider simulation
envelopes. Getzin et al., (2008) showed no correlation of
the studied marks (dbh, crown area and upper crown area)
using k,,,,(r) at all scales in a low-density deciduous stand
in Germany which imply low overall competition effect.
Similar results were found for Pinus syivestris in Poland
where no correlation was found between trees either
using diameter or height of pine individuals (Erfanifard
& Sterenczak, 2017). Law et al., (2009) reported that the
absence of correlation may suggest that the size is much
more equally distributed over space than the individuals
are themselves. In our study, mark correlation analysis
of Abies marocana trees in Talassemtane forest showed
a non-significant negative correlation of tree sizes up to
2 m, as well as at 9-11 m where a negligible negative co-
rrelation appeared (Fig. 4a). This non-significant negative
correlation may be attributed to the occurrence of a weak
competitive effect at small distance. Negative correlation
indicates aggregation of young individuals and may be
related to clumped dispersal and establishment patterns,
which are absent at later developmental stages due to
competition and mortality.

At the plot level, we found no correlation of tree sizes
except for plot 2 which showed a very weak and non-sig-
nificant negative correlation up to a very short distance (<
0.5 m) (Fig. S4 [suppl.]). The significant pattern detected
by the average function at small scale based on replica-
ted pattern could be reinforced by the additional effect of
weak negative correlation tendency observed in plots 5,
7 and 8 (where the k,,,(r) expected value was closed to
the lower simulation envelope). However, the facilitative
effect recorded among young and aged trees may hide the
competitive effect occurring within groups of regenera-
ting individuals.

Furthermore, low density of suppressed trees as well as
their spatial pattern confirms weak competitive interaction
and self-thinning process. In fact, the result of random la-
beling either by g,(r) or p;,(r) showed a weak but signifi-
cant repulsion between suppressed and dominant indivi-
duals at 2.5-3.5 m (p = 0.005, Fig. 4b and 4c). The highest
density of suppressed trees in association with a higher
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rate of dead trees in the densest plot 3 (Table 1) may indi-
cates a density-dependent suppression process but which
could be significantly detected by test functions only at
a limited scale. This negative association appears to be
a small-scale pattern only emerging within a 2.5-3.5 m
range which reflects a fine patchy pattern where small and
almost distinct groups of dominant and suppressed trees
occur separately within the stands (Carrer et al., 2013). As
most of the suppressed trees were small trees, and MF re-
generation was abundant in most plots, the spatial negati-
ve correlation in tree size could contribute sporadically to
suppression of tree growing close to each other in denser
stands. Accordingly, MF juveniles clumped in the shelter
of the adults and beneficiate from a positive recruitment
interaction which seems to be more important than an in-
tra-specific competitive effect.

Here, the random labeling considered for each plot
showed the distinct behavior of the four last plots (Fig.
S5 [suppl.]), and thus support the previous observations
in the three other analysis types (Fig. S2, S3 and S4
[suppl.]). Indeed, a negative association between domi-
nant and suppressed trees is found in plots 5, 8 and parti-
cularly 7 which extends to 4.5 m, in addition to a signifi-
cant positive association at distance of > 14 m shown in
this last plot. At the small scale, suppressed trees appear
to be separated from dominant ones while they are more
grouped at larger scale.

Under current climate conditions and human pressu-
re in TNP (Taiqui, 2005; Linares et al., 2011; Ghallab
& Taiqui, 2015), seedlings and saplings of Moroccan fir
regenerate and maintain themselves in favorable mois-
ture conditions under the canopy of adult trees thanks
to their shade tolerance and the absence of significant
intraspecific competitive effect. Spatial intraspecific
negative interaction may sometimes be undetectable
because MF can withstand competition for light since
it is a shade tolerant species (Baumer, 1977; Abellanas
& Pérez-Moreno, 2018). This suggests that intraspecific
competition did not appear to be a major process that ne-
gatively affects MF growth in the studied stands, which
is just the opposite of what was found for the Spanish fir
counterpart (Linares ef al., 2010). In contrast, the faci-
litative interaction where parents provide shelter from
abiotic stress and protection against biotic consumption
was more relevant.

Although our study has provided insights into the
spatial patterns of Moroccan fir, there are some limita-
tions regarding the relative number of points used within
each plot, particularly in the case of analyses involving
two pattern types. Indeed, Wiegand & Moloney (2014)
recommended the use of 50-70 individuals as a mini-
mum in spatial point analyses. However, Veldzquez et
al. (2016) reported that many studies used relatively
few individuals in point pattern analysis (< 100). For
instance, Camarero et al. (2000) used at least 15 indivi-
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duals, Zenner & Peck (2009) used 20 individuals. More
recently, Janik et al. (2016) and Cordero et al. (2016)
used much less trees (10 and 4, respectively). In our
case, we had a sufficient number of trees in univariate
analyses, and despite that the available number of trees
was split into two classes in the bivariate and random
labeling analyses, this limitation was minimized by
using replicate analysis with data from the eight sam-
pled plots that were combined into one average func-
tion (Illian et al., 2008; Wiegand & Moloney, 2014).
This method is a straight-forward extension of the typi-
cal analysis of separate plots (De Luis et al., 2008) and
allows increasing the sample size and the statistical
power (Illian ef al., 2008). Although being considered
as an extension of the common analysis of isolated plots
(De Luis et al., 2008), replicate analysis was rarely used
by ecologists in spatial point patterns (but see Raventds
etal.,2011).

The results of our explanatory study allowed us to des-
cribe the overall spatial pattern of the Moroccan endemic
fir. Analysis of the main MF structural characteristics in
the sampled plots indicated a remarkable regeneration dy-
namic. However, the anthropic pressure remains a serious
problem which constitutes a constraint to MF community
preservation. Moroccan fir showed strong positive intras-
pecific association and juveniles were significantly attrac-
ted to adult trees. We highlight the importance of shade
tolerance, seed dispersal and microsite heterogeneity in
the observed facilitative intraspecific effect. However,
more investigation is needed to test subsequent hypothe-
sis, in particular by integrating other species (e.g. Cedrus
atlantica). Understanding spatial structure and dynamics
of trees, especially endemic species, is critical particularly
in the context of global change.
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