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Abstract: The understanding of processes affecting the regeneration and coexistence of tree speciesis of high concernin tropical
landscapes disturbed by anthropogenic activities. In this study, we evaluated the seed shadow of eight small remnant Swietenia
macrophylla trees to determine the possible consequences of selective logging on the first stages of natural regeneration. We ex-
pected to find arestricted dispersal ability and a marked loss of seeds due to bictic interactions. To test this, seed shadow per tree
was quantified along four radial transects (30 x 1 m) that provided 960 - 1m? squares for sampling. The wind direction and some
tree characteristics as diameter at breast height and crown projection areawere al so considered as factors influencing seed shadow.
We also scored the number of seeds predated or infested by fungi. In total, 540 seeds were found along transects. Around 86.1% of
the 960 squares presented 0 or 1 seed, whereas 80% of the seeds were found within the first 20 m from the parent tree. The number
of seedslost through biotic interactions regressed on the distance to the parent treefitted aquadratic model that explained 52.4% of
thetotal variance. These results suggest that small remnant S. macrophylla trees display |ow dispersal ahility caused by arestricted
seed shadow and a high rate of seed damaged produced by biotic interactions. Therefore, removal of largest trees for trading could
be negatively impacting thefirst stages of the natural regeneration of this high value species. Consequently, harvesting could threat
thelocal permanence of S. macrophylla in these managed forests of the Mayan zone.

Key words: big-leaf mahogany, biotic interactions, harvesting, natural regeneration, seed dispersal, seed predation, selective
logging, tropical forests management.

Resumen: Entender los procesos relacionados con la regeneracion y coexistencia de arboles es un tema de gran relevancia en
paisajes tropicales perturbados por actividades humanas. En este estudio, se evalu6 la sombra de semillas en ocho arboles rema-
nentes de Swietenia macrophylla para determinar las posibles consecuencias de la tala selectiva sobre los primeros estadios de
laregeneracion natural de la especie. Se esperaba encontrar una dispersion limitada y una marcada pérdida de semillas debido a
las interacciones bidticas. Para probar esto, la sombra de semillas por érbol fue evaluada en cuatro transectos radiales (30 x 1 m)
que redundaron en 960 cuadros de 1 m? usados para €l muestreo. También se consider6 €l efecto de la direccion del viento y las
caracteristicasdelos arboles, asi como el diametro alaaturadel pechoy €l areade proyeccién de lacopa, como posibles factores
que influyen en la sombra de semillas. Ademas, se registré el nimero de semillas depredadas 'y lasinfectadas por hongos. En total
se encontraron 540 semillas de S. macrophylla en los 960 cuadros usados para evaluar la sombra de semillas. Cerca de 86% de
estos cuadros mostraron 0 0 1 semilla, mientras que 80% de las semillas se encontraron dentro de los primeros 20 m con respecto
alos arboles madre. La regresion entre el nimero de semillas perdidas por interacciones bidticas y la distancia a arbol madre
se gjustd a un modelo cuadrético que explicod el 52.4% de la varianza total. Estos resultados sugieren que los arboles pequefios
y remanentes de S. macrophylla muestran una baja capacidad de dispersién causada por una sombra de semillas limitaday una
elevada tasa de pérdida de semillas por interacciones bidticas. Los resultados indican que la remocion de los arboles mas grandes
para su venta podria estar impactando negativamente sobre |os primeros estadios de laregeneracion natural de esta especie de alto
valor, y que consecuentemente, la extraccion selectiva podria amenazar |a permanencia local de la caoba en bosgues manejados
delazonaMaya.

Palabras clave: caoba de hojaancha, corta de arboles, depredacién de semillas, dispersion de semillas, extraccidn selectiva, inte-
racciones biticas, manejo de bosqgues tropicales, regeneracion natural.

he current dominant landscapes in tropical zones are  understanding of key processes that affect natural regenera-
those corresponding to disturbed forest by anthropicac-  tionisof great concern to the conservation and management
tivities (Wright and Muller-Landau, 2006). Therefore, the  of tropical forests. Seed dispersal is one of thefirst stages of

599



RAUL E. ALCALA ET AL.

natural regeneration and functions as a template for subse-
quent processes, such as predation, germination, competi-
tion, and growth, which in turn, may ultimately shape the
density and spatial distribution of adult trees (Janzen, 1970;
Clark and Clark, 1984; Chesson, 2000). Empiric studies
have shown a characteristic limited seed dispersal in tropi-
cal trees (Hubbell et al., 1999; Dalling et al., 2002), which
in addition experience with high levels of seed damage and
seedling mortality. Then, human activities could impose ad-
ditional effects on regeneration of tropical trees (Chapman
et al., 2010; Gibson et al., 2011).

In particular, the selective logging, which is based on the
extraction of target treeswith the best characteristicsfor trad-
ing, isthe commonest management activity in most tropical
forests subjected to legal harvesting (Sist et al., 2003; Asner
et al., 2005; Lacerda et al., 2008). In these landscapes, the
study of processes associated with seed dispersal and re-
cruitment are particularly relevant for commercial tree spe-
cies because these are expected to be highly sensitive due
to their loss of adult reproductive individuals (Lowe et al.,
2005; Schupp et al., 2010; Magrach et al., 2011).

Species of Meliaceae have been logged intensively in
Neotropics because of the high quality of their timber. As
a result, they have undergone marked population declines
throughout their entire geographical distribution (Grogan
and Barreto, 2005; Gullison, 2009; Alcala et al., 2014).
Within Meliaceae, Swietenia macrophylla King is the most
harvested species along its entire geographic range from
Brazil to Mexico. The current distribution of S. macro-
phylla in Mexico is highly fragmented, although extensive
areas sustaining natural populations of S. macrophylla are
still present on the Yucatan peninsula, for example in the
so-called Mayan zone located in Central Quintana Roo
(Snook, 2003).

Within the Mayan zone forest management was large-
ly unregulated since the late 19" and for most of the 20™
century. Currently, the region and the human communities
it supports are recognized for their efforts towardslow im-
pact, socially just, community based forestry management
programs (Bray et al., 2003). Timber extraction depends
on previous estimates of growth rates. Therefore, derived
of the estimated growth rate of Swietenia macrophylla, the
management program based on two important criterions,
the 25 years cutting cycles and the minimum cutting dia-
meter (55 cm) should guarantee the sustainability of this
species (Bray et al., 2003). However, as a consequence of
removal of largest trees, a high density of small remnant
individuals is observed in managed forests (Gutiérrez-Gra-
nados and Dirzo, 2009). This fact is important considering
that consequently, natural regeneration will depend almost
exclusively on these small individuals (Gutiérrez-Granados,
2009). Although several studieshave evaluated diverse com-
ponents affecting natural regeneration in the Mayan zone
(Snook and Negreros-Castillo, 2004; Snook et al., 2005;
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Camara-Cabrales and Kelty, 2009), none have explicitly fo-
cused on these trees, which after harvesting, represent the
real regeneration source. Therefore, the aim of this study
was to eva uate the seed shadow of small remnant S. macro-
phylla individuals in order to detect possible consequences
of selective logging on the first stages of its natural regene-
ration. Specifically, we expected to find arestricted dispersal
ability and amarked loss of seeds due to biotic interactions.

M ethods

Sudy site. Field work was carried out in the gido (commu-
nally owned land) X-Maben, located in the municipality of
Felipe Carrillo Puerto (88° 00" - 88° 20' W, 19° 00" - 20°
00’ N), QuintanaRoo, Mexico. Climatein theareaishot and
humid with amean temperature of 33 °C and a precipitation
of 1,300 mm (data generated from metereological station
located in Carrillo Puerto, Quintana Roo). The predominant
vegetation corresponds to humid tropical forest (Holdridge,
1967), with intermingled patches of savanna and flooded
forest, depending on variationsin the micro-topography and
substrate (Gutiérrez-Granados et al., 2011).

Sampling design. The study was performed in a 50 ha stand
subjected to a first cutting cycle in 1998. To characterize
both, the pattern in which seeds are dispersed and the effect
of biotic interactions on the fina seed shadow, we selected
eight reproductive individuals from atotal of 67 previously
mapped trees. The selected trees were those separated by a
minimum distance of 100 m to avoid overlapping in seed
shadow, according with the maximum dispersal distances
reported for this species (Gullison et al., 1996). The devel-
opment of fruits was recorded periodically from January to
March.

Before, seeds were naturally detached from fruits, we
set four radial (30 x 1 m) transects per tree, initiating in
the stem of each focal individua and oriented to the four
Cardinal directions. The 32 transects provided a total of
960 squares (1 m?) utilized for sampling the seed shadow.
Transects were surveyed for 2-10 days once all fruits were
dehiscent. In each square, |eaf litter was cautiously removed
to expose the fallen seeds. A wooden stick 25 cm length was
set in the ground immediately adjacent to each seed to mark
its position. Then, seeds were counted and mapped in each
sampling unit.

Two months later (June), all transects per tree were sur-
veyed to locate the dispersed seeds, which were cautiously
examined for possible indications of damage (i.e., holes, in-
fected zones). In particular, the area containing the embryo
was gently pressed to detect signs of putrefaction. After re-
vision, all the previously mapped seeds were categorized as
(1) removed, (2) consumed in situ, (3) infected by fungi or
(4) viable (seeds with no apparent damage).
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Data analyses. Density of dispersed seeds.- As a first des-
cription of the seed shadow we characterized how seeds
were distributed on the 960 sampling squares (1 m?). To do
this, we estimated the probability of those squares presen-
ting either 0, 1, 2,..., N seeds. We al so described the density
of seeds through the average, median, and range values.

In addition, we investigated for possible inter-individual

differencesin the density of dispersed seeds. Becausein this
area dominant winds blow from west to east during the dis-
persal period (Camara-Cabrales and Kelty, 2009), wind di-
rection was also considered as afactor influencing seed sha-
dow. The interaction term between both factors tested the
generality of the wind effect among individual trees. Due
to the discrete nature of the dependent variable (counts), we
used a generalized linear model (GLM) with Poisson dis-
tribution and alog link function to perform analysis (Sokal
and Rohlf, 1981).
Dispersal distance and tree size.- To determine the seed
shadow of Swietenia macrophylla seeds around the parent
trees, we first pooled per each individual tree, all seeds that
were found in the four Cardinal directions for each unit of
distance (1 m). Then, we pooled again the seeds across the
eight trees for each unit of distance. Seed shadow was final-
ly characterized by a GLM (general linear model with Pois-
son error distribution and a log link function) performed to
evaluate the relationship between the number of seeds and
the distance from the parent tree.

To evaluate effects of tree size and crown size on seed

shadow we performed independent regression analyses. In
particular, the effects of diameter at breast height (DBH)
and crown projection area (CPA) on the largest dispersion
distance were evaluated (Figure 1). According with Cama-
ra-Cabrales and Kelty (2009), CPA was calculated using the
mean-radius equation: CPA = [2(r?)/4] x m. In addition, we
qualitatively evaluated a possible association between the
crown shape and the seed shadow of each tree. A diagram-
matic description of the crown shape was obtained by map-
ping the maximum length of the branches that were aligned
to the four Cardinal directions.
Biatic interactions.- Finally, we evaluated the effect of bio-
tic interactions on the shape of seed shadow. We performed
three independent GLMs to evaluate the relationship bet-
ween the number of seeds removed, the number of con-
sumed in situ and/or infected by fungi, and the number of
potentially viable seeds with distance from the parent tree.

Results

Density of dispersed seeds. In total, 540 seeds were found
in the 960 squares utilized to describe the seed shadow of
Swietenia macrophylla. From the total number of squares,
86.1% contained 0 or 1 seed, and the rest of squares had >
2 seeds. The average and median values were 0.5687 and
0.0, respectively, whereas the range was 0-8. The GLM
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Table 1. Diameter at breast height (DBH), crown projection area (CPA)
and largest seed dispersal distances recorded in eight small remnant
Swietenia macrophylla trees in the Mayan Zone of Quintana Roo.

Tree DBH (cm) CPA (m?) Largest dispersal
distance (m)
1 46.2 127.2 30
2 47 .4 90.6 30
3 46.5 76.7 29
4 35.7 48.0 29
5 44.6 72.5 30
6 42.0 40.4 18
7 48.1 107.1 28
8 39.5 43.5 21

performed on density of seeds showed that all three effects
were significant, with the highest effect being tree identity,
followed by transect orientation and the interaction term,
respectively (Table 2). The inspection of the relationship
between deviance with degrees of freedom indicated absen-
ce of overdispersion. Density of seeds ranged from 0.19 to
1.0 among trees. Average density between transects ranged
from 0.41 to 0.8, with the West-orientated transect presen-
ting the highest density (Figure 1A). The significance of the
interaction term indicated that the effect of transect orienta-
tion was not constant among trees (Table 2, Figure 1). For
example, only two out of eight trees (individuals 4 and 5)
clearly dispersed more seeds toward the West-transect. Al-
though DBH ranged from 35.7 to 48.1 cm, and CPA va-
ried between 40.4 and 127.2 m? (Table 1), the individual
differencesin density of dispersed seeds were not explained
by these size variables (data not shown). The inter-transect
differences seem not to be related with crown shape, as no
clear deviations of crown toward West direction were detec-
ted for trees 4 and 5 (Figure 1B).

Dispersal distance and tree size. The regression analysis
performed to evaluate the seed shadow showed a negati-
ve relationship (slope = -0.04) between the number of dis-
persed seeds with the distance to parent trees (Wald statistic
= 65.36, df = 1, P < 0.0001; Figure 2). In this model no
evidence of overdispersion was detected. Of the total seeds
found, 46% and 80%, were located within the first 10 m and
20 m from the parent tree, respectively.

Table 2. General Linear Model with Poisson distribution and a log
link function including the effect of tree identity, transect orientation,
and the interaction between these factors on the number of seeds dis-
persed in small remnant individuals of Swietenia macrophylla.

Effect Wald statistic df P

Tree (T) 251.74 7 < 0.0001
Orientation (O) 40.52 3 0.0017
7O 15.09 21 0.0260
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Figure 1. (A) Shape of the crowns of the eight small remnant individuals of Swietenia macrophylla and mean (= 1 SD) of the number of
seeds scored across the (B) four transects (orientation) for eight small remnant trees of S. macrophylla.

In contrast with the observed for density of dispersed
seeds, the maximum dispersal distance was correlated with
the variation in the CPA (§ = 0.7561, P = 0.03). The trees
with CPA < 70 m? tended to disperse seeds around 20 m from
the parent trees, whereas individuals with CPA > 75 n? dis-
persed seeds up to 30 m (Figure 3). No association between
maximum dispersal distance and DBH was found (results
not shown).

Biotic Interactions. In the census performed two months
after seed dispersal, 72% of the total dispersed seeds were
found. The remaining 28% was interpreted as removed
seeds. Most of seeds that were found (82%), corresponded
to seeds that had undergone consumption and/or attack by
fungi. Only 17% were considered to be intact and represen-
ting potentially viable seeds.
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The scattering pattern of the number of seeds|ost by bio-
tic interactions against distance from parent tree described
a parabolic curve (Figure 4A), therefore a quadratic model
was used, in which both the simple (§ = 0.12, Wald statistic
=17.11, df = 1, P = 0.00003) and the quadratic effect were
significant (p? = -0.005, Wald statistic = 29.23, df =1, P <
0.00001). Seeds located around the first 10-15 m faced the
highest risk to be attacked (Figure 4A). The number of re-
moved seeds al so showed a curved scattering pattern, howe-
ver, inthis case, only alinear relationship was detected (3 =
-0.056, Wald statistic = 8.31, df = 1, P < 0.0031; Figure 4B).
In both regression models no evidence of overdispersion
was found. In contrast, the number of viable seeds was not
associated with distance from parent trees (data not shown,
Figure 4C).
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Figure 2. Relationship between the number of dispersed seeds and
distance in remnant trees of Swietenia macrophylla.

Discussion

Swietenia macrophylla is the natural resource that most con-
tributes to the well-being for people inhabiting the Mayan
zone, thereforeitstrading should assure the future local exis-
tence of this species. Accordingly with the current polycyclic
management program (Snook, 2003), largest trees were log-
ged 25 years ago. As aresult, the information about the eco-
logical consequences derived of the first cutting cycle turns
critical before the second cycle could be proximately imple-
mented. Some of the studies documenting components of
tree reproduction and even seed shadow in this zone have in-
cluded treesfrom asize category that is not the most frequent
(Snook et al., 2005; Camara-Cabrales and Kelty, 2009). The
results derived of our study documenting the seed shadow of
remnant trees are particularly important for the management
of S. macrophylla because selective logging in the Mayan

Figure 3. Effect of the variation of the crown projection area on
the maximum dispersal distance of the seeds of Swietenia macro-
phylla.
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Figure 4. Relationship between the number of attacked (A), remo-
ved (B) and viable seeds (C) and distance in small remnant trees of
Swietenia macrophylla.

zone changes the population size structure causing that small
trees occur at higher densities (Patifio, 1997; Santos et al.,
2005; Gutiérrez-Granados et al., 2011).

First, our results indicate a lower seed production in the
small trees of Swietenia macrophylla that remain after se-
lective logging with regard to the reported in other stud-
ies (Medjibe and Hall, 2002; Grogan and Galvéo, 2006;
Medjibe et al., 2011). In this study, the eight trees showed
aDAPthat ranged from 35.7 to 48.1 cm and produced only
between 4 to 23 fruits. This number of fruit corresponds to
the observed in other studies for trees of the smallest size
class, as fruit production positively correlates with tree size
(Plumptre, 1995; Snook et al., 2005). Thus, small size of
trees could explain the overall low density scored in this
study. Although the effect of transect orientation was signi-
ficant, this was not related to wind direction, as more seeds
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should have been registered toward the East direction. We
suppose that the lack of effect of wind direction could also
be attributable to the small size of individuals. Interestingly,
inter-transect differences were not also related to the va-
riation in crown shape. Probably, the description of crown
shape forced on the four Cardinal directions as done in this
study, could constrain its natural variation. Alternatively,
our description of crow shape could have underestimated
the variation along the height of the crown.

Second, we reported a restricted seed dispersal, as near-
ly 50% of total seeds fall within a distance of only 10 m
from the parent tree, whereas other studies have reported
higher dispersal distances from the parent tree (Gullison et
al., 1996; Grogan and Galvao, 2006; Camara-Cabrales and
Kelty, 2009), even in other areas within the Mayan zone
(Camara-Cabrales and Kelty, 2009). However, those studies
described seed shadow in larger trees. In contrast, our study
focused on those trees left after the first cutting cycle and
that predominantly represent the main source for seed dis-
persal. In addition, we detected that the maximum dispersal
distance was positively correlated with the variation in CPA.
Trees with CPA higher than 70 m? increased maximum dis-
persal distance by around 10 m. Therefore, in the study area,
CPA instead of DAP should be considered as a key factor to
estimate dispersal distance.

Third, ecological factors such as seed predation and se-
condary dispersion tend to determine the final shape of seed
shadow (Roberts and Heithaus, 1986; Bohning-Gaese et al .,
1999; Vander Wall et al., 2005; Magrach et al., 2011). The
Janzen-Connell model (Janzen, 1970; Connell, 1971) states
that host-specific seed predators, or seedling herbivores and
pathogens, may have a disproportionately large negative
effect on progeny close to parent trees. Our results clearly
indicate that the limited seed dispersal displayed by remnant
trees is associated with a high risk of predation or infection
by pathogens. Based on the quadratic regression, the proba-
bility of attack peaked at a distance of 10-15 m from the pa-
rent tree. Although we recorded around 17% of big-leaf ma-
hogany seeds as viable, the generalized absence of seedlings
and saplings around the adult trees suggests that currently
there is no natural regeneration (Gutiérrez-Granados, 2009).
We proposed that the theoretical derivation of the Janzen-
Connell model could trandate into the applied ecological
recommendation of assuring the seed/seedling establishment
far from parent trees or any conspecific adult. This practice
will allow increasing the establishment probabilities.

Under thecurrent scenario of human-induced disturbance,
knowledge about secondary forests will be an essential part
of managed forests (Putz and Redford, 2010). Thus, infor-
mation as the presented here is important considering that
these managed forests necessarily have smaller trees than
before logging. Studies addressing the impact of selective
logging should focus on the ecology of small remnant trees
asthey represent the real source of seeds. In addition, chan-
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ges in distance-dependence processes need to be taken into
account when an artificial regeneration based on seeds/seed-
lingsispromoted. In particular, acomplete understanding of
the ecology of Swietenia macrophylla along its distribution
range including different conservation conditions, could
help to maintain healthy populations or to support restora-
tion programs in areas where the species has been locally
extirpated, in benefit for the inhabitants of these areas.
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