Biodivers Conserv (2011) 20:1571-1585
DOI 10.1007/s10531-011-0046-8

ORIGINAL PAPER

Differential diameter-size effects of forest management
on tree species richness and community structure:
implications for conservation

Gabriel Gutiérrez-Granados * Diego R. Pérez-Salicrup *
Rodolfo Dirzo

Received: 7 October 2010/ Accepted: 2 April 2011/ Published online: 16 April 2011
© Springer Science+Business Media B.V. 2011

Abstract In this paper we tested the hypothesis that logging effects in the adult tree
community reverberate upon the regeneration contingent. We examined the differences on
the tree community between forest reserves and 10 year-old logged areas in the Yucatan
Peninsula. We used a paired design in three independent sites to estimate the effects of
logging on tree species richness, diversity, composition and structure. Analyses were
conducted differentiating individuals of four diameter-size classes: 1-5, 5-10, 10-25, and
>25 cm DBH. We found out that there were differential effects by size. Species richness
in the smaller and larger diameter-size classes was significantly lower in logged areas.
Floristic composition was also different between logged and unlogged areas, with a trend
towards more secondary forest associated species and less primary forest associated spe-
cies in logged areas, and a higher density of species represented by a single individual in
unlogged reserves. In terms of structure, trees DBH <10 cm, lianas, and re-sprouting
stumps were more abundant in logged areas. Our findings suggest that 10 years after
logging, harvested areas show alterations in structure, and potentially a reduction in species
richness. We suggest that to make timber extraction and forest conservation compatible at
this site, it is necessary to gain a better understanding of the ecology and regeneration
requirements of the less abundant species, and to assess whether current logging practices
might hinder their permanence in the study area.
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Introduction

Forest management for timber extraction often results in a series of negative changes in
forest diversity and structure (Verissimo et al. 1992; Panfil and Gullison 1998; ter Steege
et al. 2002). For example, it was observed that felling of 4-8 target trees/ha resulted in the
killing of about 30 percent of remaining trees in the state of Para, Brazil, which in turn
resulted in canopy damage of up to 80% (Uhl and Vieira 1989; Cannon et al. 1994; Johns
et al. 1996). Such damages usually cause changes in the light regime and forest micro-
climate, and could promote erosion, soil compaction and disruption of nutrient cycling
(Pereira et al. 2002; Villela et al. 2006).

Even those practices recognized as reduced impact logging (RIL) generate damages in
tropical forests. For example, ca. 10% of remaining living trees were killed by the logging
of 1-2 target trees/ha, with an associated canopy damage of 10% in southern Amazonia
(Feldpausch et al. 2005). These minor changes associated with RIL may have a variety of
consequences on forest composition via direct effects on harvested trees species and by
affecting tree regeneration (Dickinson et al. 2000; Costa and Magnusson 2003; Makana
and Thomas 2005; Toledo-Aceves et al. 2009), which in turn could result in changes on
community composition and structure. Hence, logging practices would potentially affect
the whole contingent of plant species, and not only those which are directly harvested, as
has been typically reported (Panfil and Gullison 1998; ter Steege et al. 2002).

Among timber exploitation programs documented worldwide, the community-based
forest management of the Mayan zone in the Yucatan Peninsula, Mexico, has been con-
sidered as a prominent example of sustainable ecosystem management in terms of social
participation and ecological sustainability (Bray et al. 2003). These promising indigenous
people-runned programs reduce the damage of logging operations by planning the direction
of the trees to be felled, by designing of a low impact road network, and by eliminating
branches from fallen trees before skidding. Timber extraction in this participatory program
has been considered as of low to moderate impact, with an average of 600 m® of Swietenia
macrophylla (mahogany) and 1500 m® of other species harvested per year in stands that
range in size between 100 and 500 ha, and which are harvested every 25 years. In addition,
these indigenous communities have set aside forest patches to function as reserves for
biodiversity conservation (Galletti 1999; Bray et al. 2003).

Although the Mayan logging program implements some RIL strategies, logging per se
might impact the whole tree community, and consequently future timber yields. An
evaluation of the effects of current logging practices is key to incorporate new strategies
that might mitigate the negative impacts of past practices (Christensen et al. 1996). In this
study, we tested the hypothesis that logging effects on adult tree community have effects
on the regeneration contingent which would compromise future management in the area.
We posit that plant diversity analyses pooling all the individuals disregarding their size
could bias management and conservation decisions, thus we analyzed the tree community
parameters in four different size-categories. Our analysis was based upon the theoretical
issue that species accumulate as a function of the number of individuals counted, and
because there are more juvenile individuals than adults, then species richness may vary by
the size category analyzed (Condit et al. 1996). Therefore, we evaluated whether 10 years
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after logging operations logged areas differ from nearby forests set aside for conservation
in terms of species richness, diversity and composition.

Materials and methods
Study site

Field work was carried out in the Municipality of Carrillo Puerto (88°00'-88°20'W, and
19°00'-20°00'N), State of Quintana Roo, Mexico, within what is known as the Mayan
zone. The predominant substrate is karstic material with limestone-derived thin soils
(5-10 cm depth). Climate is characterized as hot and humid, with a mean monthly tem-
perature of 25°C and a mean annual precipitation of 1200 mm, most of which is received
during the May—October wet season (100-200 mm per month). During the dry season
(November—April), only 30-60 mm of rain are received per month. The predominant
vegetation is tropical moist forest (sensu Holdridge 1967), with intermingled patches of
savanna and flooded forest, depending on microtopographic and substrate variations
(Pérez-Salicrup 2004). Olmsted and Duran (1990) report Brosimum alicastrum, Manilkara
zapota, and Talisia olivaeformis as the dominant evergreen species and Vitex gaumeri,
Bursera simaruba, and Caesalpinia gaumeri as deciduous co-dominants. Height of the
dominant arboreal trees ranges from 15 to 25 m.

Logging has been practiced in the study area since ancient Mayan periods (Snook
1999). Forest management during the late nineteenth century and for most of the twentieth
century was largely unregulated, and targeted in a few valuable timber species (Swietenia
macrophylla and Cedrela odorata), on a few hard wooded species used for railway ties
(e.g. Metopium brownei, Manilkara zapota), and in the latex of Manilkara zapota which is
still the most important non timber forest product harvested from this region (Snook 1999;
Negreros-Castillo et al. 2003). In the 1980s the management program currently practiced
by most ejidos (communally-owned and managed lands) were implemented. In 1997, some
ejidos commenced the harvesting of small diameter individuals to be used for railway ties
(Negreros-Castillo and Mize 2008). Today, the region and the communities within are well
known for their efforts at conducting low impact, socially fair, community based forestry
management programs (Galletti 1999; Bray et al. 2003). Timber extraction is performed
using harvesting stands with a cutting cycle of 25 years. Harvesting is still centered on
mahogany, although management programs include the integral management of the forest
and the extraction of as many as 90 tree species which are cut at a diameter breast high
(DBH) >35 cm.

Sampling design

We used a paired design, sampling areas logged in 1996, 10 years before field work for this
study was conducted, and nearby areas set aside as reserves by the local inhabitants in each
of three different ejidos. Hereafter, we will refer to these areas as logged and unlogged,
respectively. Paired plots were established on three independent ejidos, Naranjal, Petcacab
and Sefior. On each ejido we established two pairs of plots for a total of six replicated pairs
(each pair: logged and unlogged condition). These three ejidos were selected given that
they contribute with a high proportion (collectively ca. 40%) of the timber extracted in the
entire region (Gutiérrez-Granados 2009). All the study areas are part of a continuous
tropical forest known as Permanent Forest Zone of Quintana Roo, thus we expected that
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floristic composition differences found in logged and unlogged areas would result from
forest management.

Floristic diversity, composition and structure were recorded using a modification of the
method devised by Gentry (1982) for the study of alpha-diversity in tropical forests. Our
protocol consisted in establishing ten randomly-located 50 x 2 m transects, for a total of
0.1 ha per plot (60 transects per forest condition). Transects were set perpendicularly to the
main road of the logging areas, and from the main access road in the reserves. We began
each transect about 10 m inside the vegetation in order to minimize the edge effects caused
by the road. Each transect was placed on either side of the road defined randomly by a toss
of a coin. Distances between transects range 100-850 m. All trees with a diameter at 1.3 m
(DBH) >1 cm, were identified at species level and their diameter recorded. Voucher
specimens were collected and taken to National Herbarium (MEXU) for further corrob-
oration or accurate identification, with the assistance of curator Esteban Martinez. Sam-
pling protocol like the one adopted here (1000 m? per site), has been successfully used to
analyze and compare sites across the tropics (e.g. Phillips and Miller 2002) in a very
different subtypes of tropical forests (Clinebell et al. 1995; Trejo and Dirzo 2002; ter
Steege et al. 2003), and has been considered useful to provide a good indication of species
richness and floristic composition in tropical forests (Gentry 1982; Condit et al. 1996).

Data analyses

Analysis of the effects of logging on tree species richness, diversity and composition were
conducted using a diameter-size classes approach. Four diameter-size classes were defined:
1-5, 5-10, 10-25, and >25 cm. We used rarefaction curves (100 randomizations) for
comparisons of the number of observed species in both management conditions and used
two non-parametric estimators of species richness CHAO-2 and ICE (see Colwell and
Coddington 1994). We used these estimators because they match each other in precision
and accuracy when estimating species richness using relatively small samples (i.e., small
sampling effort; ICE), and small grain size (i.e., community level; CHAO-2), as previously
reported by Chazdon et al. (1998), Brose et al. (2003), and Hortal et al. (2006). Floristic
similarities were assessed using the Sorensen-Chao similarity index, which takes into
account both species abundance and unseen species (Chao et al. 2005). All estimations
were made with EstimateS ver. 7.5 (Colwell 2005). Changes in abundance of less abundant
tree species were assessed using species represented by one individual (singletons).

Since our data met the requisites of normality and variance homoscedasticity, we used
parametric analyses for the comparison of tree species richness, Shannon’s Diversity
Index, the non-parametric estimators of tree species richness, and abundance of species
represented by a single individual. We used analyses of variance (ANOVA) for completely
randomized block designs to maintain our paired design. In our design we used ejidos as
blocks with two replicates within each ejido and management condition (logged versus
unlogged) as factors (Sokal and Rohlf 1995). In the case of the comparison of the general
similarities between floristic compositions we pooled similarity values by both logged and
unlogged and used a parametric #-test.

Changes in floristic composition were further analyzed using the Importance Value
(IV), calculated for each of the tree species (see Cottam 1949). Importance values were
calculated from the relative values of species density (D = no. individuals of the ith
species by area), frequency (F = no. of sites occupied by the ith species/total number of
sites) and dominance (Do = sum of the basal area of all plants of the ith species/total basal
area), as [V = RD + RF + RDo. To further describe vegetation, we classified tree species
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into two guilds as either pioneer, light-demanding species, and mature-forest, shade-
tolerant species, according to Duran et al. (1998).

In addition, we performed a multidimensional scaling analysis (MDS) using a Sorensen-
Chao floristic similarity matrix in order to define an ordination of the sites according to
management type. To confirm MDS’s tendencies we performed a multi-response permu-
tation procedure (MRPP) by diameter size-class to statistically compare both management
types according to their floristic composition.

Finally, we performed a principal component analysis (PCA) to evaluate whether sites
with and without logging could be separated based on their structural characteristics. We
evaluated five structural variables: (1) liana (>1 cm at stem base and rooted within the
transect) abundance, (2) density of adult trees (DBH >10 cm), (3) number of stumps with
no sign of re-sprouting, (4) number of re-sprouting stumps, and (5) basal area. We dis-
played the results of PCA on a biplot (Jongman et al. 1987). Unless otherwise indicated, all
data are shown as means (£SD). In all cases results are considered statistically significant
when P < 0.05. Analyses were conducted with Statistica v.8 (Stat Soft, Inc), while in
particular MRPP was done with PC-Ord v.6 (MjM Software design).

Results
Logging effects on tree richness and diversity

In total we sampled 6443 trees, of which 3668 (56.9%) were present in logged sites and
2775 (43.1%) in unlogged sites. These individuals represent 287 species in total. Of these
191 £ 52 were present in logged and 212 + 56 were in unlogged sites. Despite this
disparity in species richness, we found no significant differences in the number of species
between logged and unlogged sites when the entire tree species pool was analyzed
(F=2.1, df = 1,2; P <0.05), giving similar results for diversity (F = 1.4, df = 1,2;
P < 0.05).

However, rarefaction curves by diameter-size classes showed that there were more
species in unlogged sites for individuals 1-5 cm (F = 3.6, df = 1,5; P < 0.05) and
>25 cm (F = 2.3, df = 1,5; P < 0.05) DBH. In the latter case, the number of individuals
recorded in unlogged sites was higher and consequently more species were registered. The
other two diameter-size classes showed no differences in number of species observed
between both conditions (Fig. 1a—d).

Species diversity, as defined by Shannon—Weiner’s index, was statically significant just
for the first diameter-size class (Table 1). However, expected richness, calculated by both
non-parametric estimator CHAO-2 and ICE showed significant differences between both
management conditions in 1-5, 5-10, and 10-25 cm classes, although there were no
differences in the number of species expected in the >25 class (Table 1).

The total number of singletons accounted for 3.4 4+ 1.2% of all sampled individuals. In
absolute terms, all three ejidos had a lower number of species represented by a single
individual in the logged sites (F = 13.64, df = 1,5; P < 0.001, Fig. 2), but the contrast
was higher in ejido Sefor.

Species similarity was high in general terms, with an overall value of 0.75. Among
logged sites similarity was comparatively higher than among unlogged sites, with
0.88 £ 0.09 and 0.74 & 0.12, respectively (¢ = 3.8, df = 28; P < 0.001), suggesting
greater floristic homogeneity among the former. The MDS analyses based on the Sorensen-
Chao similarity index for each diameter-size class showed statistical differences between
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Fig. 1 Tree species accumulation curves (mean £ SD) considering the four diameter-size classes analyzed
and the two management conditions in the Mayan zone, Mexico

Table 1 Diversity differences by diameter-size class for Shannon—Weiner’s species diversity index (£SD)
and number of species (+SD) estimated by the two non-parametric estimators in the two management
conditions studied at the Mayan zone, Mexico

Diameter-size class (cm) Unlogged Logged F P
Shannon-Weiner’s index
1-5 34+ 0.6 2.6 + 0.6 37 0.01
5-10 2.7 £0.8 23+£05 0.9 n.s.
10-25 2.6 £ 0.9 24 £02 0.8 n.s.
>25 23+04 2.1+ 0.6 0.8 n.s.
ICE
1-5 267.8 + 26.8 161.48 £ 9.28 4.7 0.001
5-10 178.6 £ 22.9 117.63 £ 14.04 3.2 0.033
10-25 158.6 + 7.6 126.24 £ 15.59 2.8 0.029
>25 50.2 +£9.7 47.51 + 11.69 0.7 n.s.
CHAO 2
1-5 269.4 + 30.5 158.2 £ 14.0 43 0.002
5-10 1353 £ 153 110.1 £ 10.3 2.8 0.037
10-25 1329 £ 17.7 107.8 £ 11.6 2.5 0.023
>25 389 +£ 6.7 352+ 104 1.2 n.s.

n.s. not significant

unlogged and logged areas in three of the four size classes analyzed (Fig. 3). The differ-
ence in the 1-5 and 5-10 cm DBH classes was significant (MRPP T'= —2.25; P = 0.02,
and T = —1.85; P = 0.04 respectively). The 10-25 DBH class showed no statistical
differences in floristic composition (MRPP 7' = —-0.22; P = 0.39), while the >25 cm DBH

@ Springer



Biodivers Conserv (2011) 20:1571-1585 1577
Fig. 2 Density of species 50 O L-Naranjal
represented by a single individual 45 e UL-Naranjal
(singletons) in logged anq » 40 L= L-Petcacab
unlogged areas per ejido in the 2 -+ UL-Petcacab
. O 35
Mayan zone, Mexico. The g -0 L-Sefior
cumulative area for 20 samples is g 30 f-e-UL-Sefior |
0.2 ha. L logged, UL unlogged 525+ 2
—
b= 20 +
S 15+
Z 10t
5+
0 1 1 1 1 J
0 5 10 15 20 25
Cumulative samples (0.2 ha)
0.8 | Pl P-UL2 12 N-ULI NL2
f&*o A o o B
Ni2 0.8
0.4 N-UL2
s42 L1 04 [
0.0 S:L1 ° 5§ P.LI
: (o sy Put] 00 PgH @ NLL 53! o
& P.L2
04| sy 04 °
Ny Py
0.8 -0.8 S
-UL1
< N-UL1 w12 .
g -12 'S
7 -1.6
5 -5 -1.0 -05 0.0 0.5 1.0 1.5 2.0 -1.2 -08 -04 00 04 08 1.2
£ 12 16
o) N:LI 5
2 os ? ¢ Cl 12 e’ D
S-L1 S-ULl
0.4 Lo OS_CL)2 ) 0.8 NgLI
o P.L2
0.0 P.LI S 0.4 P-UL2 sg2 o
o PgLI ° &1
-04 AU 0.0 “uia
N-uL2 @
0.8 P-UL2 04f g e 3!
° sgul
N-ULI
-1.2 ° -0.8 Ny
o
1.6 12
20 -1.5 -1.0 05 00 05 10 15 20 -16 -12 -08 -04 00 04 08 1.2

Dimension 1

Fig. 3 Multidimentional scaling analysis showing site ordination according to their species composition in
four DBH classes: 1-5 cm (A), 5-10 cm (B), 10-25 (C), >25 c¢cm (D) in the Mayan zone, Mexico. Black
dots represent unlogged sites (UL); white dots represent logged (L) sites, in the three analized ejidos, Sefior

(S), Petcacab (P) and Naranjal (N)

class, which includes individuals targeted for logging, has significantly different compo-

sitions between unlogged areas and logged ones (T = —3.05; P < 0.05; Fig. 3).

Logging effects on tree community structure

Basal area by diameter-size classes was similar in the first two size classes between logged
and unlogged areas, but the number of individuals was higher in the logged area for the
first diameter-size class. These combined results suggest a change in the diameter
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distribution of individuals, and hence in the structure of vegetation. In the first diameter-
size class, logged areas had more trees, but with smaller diameters than in the unlogged
area. In the second diameter-size class, there was no difference for either number of
individuals or basal area. For the last two classes, a similar number of individuals in both
areas resulted in higher basal areas in unlogged areas than in the logged ones, because the
former areas have trees with larger DBH (>60 cm; Fig. 4a, b).

The IV provided insights regarding the changes in both composition and structure. To
illustrate this, we show the 20 species with the highest IV in the two conditions of
management (Fig. 5). Only 10 species were the same in both forest types, but they
occupied different rank positions. Furthermore, 16 of the 20 most important species in
unlogged sites are mature-forest species and the other four occupied positions 6th, 7th,
18th, and 20th. In contrast, in logged sites, 6 out of the 20 most important species were
pioneer species, two of which occupied positions 1st and 4th (Fig. 5).

Fourteen species are regularly used in logging operations, five of which are ranked
among the most abundant species in the study zone (Fig. 5). The representation of these
species was not consistently higher in the unlogged forests. Instead, there was considerable
variation across species (Table 2). For instance, Pseudobombax ellipticum and Lysiloma
latisiliguum had the same IV in both types of forest management conditions, but this was
due to the fact that in the logged sites the number of plants, but not their basal area, was
greater which could suggest the existence of regeneration for these species. On the other
hand, Swietenia macrophylla had a higher IV in unlogged sites. We registered 13 indi-
vidual of this species in logged areas, reaching a basal area of 2.04 m?/ha, whereas in
unlogged areas we estimated a basal area of 4 m?*/ha, with just eight mahogany trees. The
extreme case of loss of representation occurred with Caesalpinia mollis and Vitex gaumeri,
which were not present in the logged sites. Regeneration of this managed species showed
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Fig. 5 Tree species arranged by Importance Value in logged and unlogged areas in the Mayan zone,
Mexico. Grey bars represent pioneer species, and white bars represent mature forest species, according to
Duran et al. (1998)

also a variation depending on the species (Table 2). Is remarkable to point out that, Cordia
dodecandra, C. mollis, S. macrophylla and V. gaumeri, had no individuals within the
smaller diameter category in logged sites.

Figure 6 shows the results of the PCA based on structural variables. The first axis of the
biplot explained 61% of the total variance, while the cumulative variance explained by axis
1 and 2 was 80%. The PCA displays the study sites along axis 1, clearly separating the
logged from the unlogged ones. The biplot also makes evident that the arrangement of the
sites is clearly related to structural changes associated to logging operations such as liana
abundance, number of resprouting stumps, and number of stumps, which were more
abundant in the logged sites and explained the highest contribution in factor 1; with 28, 23
and 20% respectively. This analysis also showed a positive correlation of logged sites and
basal area, which contributed with about 51% of the variance in factor 2. The density of
adult trees (DBH >10 cm) was highly associated to unlogged sites, and explained about
23% of variance in factor 2.

Discussion

Our analysis approach allowed us to detect changes at different diameter-classes, and this
in turn could be used to suggest management recommendations (see below). The imme-
diate consequences associated to logging are a reduction on tree density throughout har-
vesting of larger individuals (DBH >35 cm in the study area), and the random death of
smaller- or equivalent-size individuals, usually of unmarketable trees species (Webb 1997;
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Table 2 Importance value (IV) and regeneration potential of the main harvested species in the two

management conditions studied at the Mayan zone, Mexico

Species Total IV Regeneration potential
Unlogged Logged Unlogged (Ind) Logged (Ind)
Brosimum alicastrum 23.17 6.13 34 37
Bursera simaruba 5.90 9.51 12 29
Caesalpinia mollis 1.22 0 29 0
Coccoloba spicata 1.60 3.19 9
Cordia dodecandra 0.53 0.64 0
Lysiloma latisiliquum 1.24 1.10 5
Manilkara zapota 6.42 591 67 118
Metopium brownei 1.49 2.52 6 20
Piscidia piscipula 3.81 2.23 35 8
Pseudobombax ellipticum 1.50 1.56 4 3
Simarouba glauca 0.26 0.79 4 10
Spondias mombin 0.55 0.32 4 0
Swietenia macrophylla 1.00 4.80 2 6
Vitex gaumeri 0.64 0 4 0
1.3+ Basal area
Trees/ha
(DBH > 10cm )
- S-L2
- S HLZ 0
IS
N
i\' P-UL1 0.3 b ]ﬁizana abundance
= N-UL2 N-U r
S —pu2 BN 5
o= " ~ T —
Z-10 u B 03 o3 1.3
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Fig. 6 Principal Component biplot showing the structural characteristics of the logged (L) and unlogeed
(UL) sites in the Mayan zone, Mexico. Habitat characteristics are represented by arrows

Cannon et al. 1998). Because species population recovery can be positively or negatively
affected by changes associated to logging operations (Dickinson et al. 2000; Toledo-
Aceves et al. 2009), we would expect that the tree community in logged sites would differ
from unlogged sites. This would be particularly true after a number of years in which
seedlings of some tree species might have had time to grow beyond the seedling bank. In
this work we documented that logged sites were associated with lower number of tree
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species, lower number of tree species represented by a single individual, a higher domi-
nance of pioneer species, and with more homogeneous (similar) tree species composition.

Logging effects on tree richness and diversity

In logged sites we documented a reduction in number of tree species in the smaller DBH
class (1-5 cm), and in the larger DBH class (>25 cm). This first class represents the tree
regeneration contingent, and the larger DBH class includes the individuals upon which
logging is performed. Reductions in species richness of the regeneration pool and of the
larger trees could have important and synergic consequences, such as local extinction of
those intensively harvested species and on the future of the rainforest composition (Jackson
et al. 2002; Lawes et al. 2007).

The effect of logging is directly related to the amount of extracted biomass and the
precautions taken towards reducing damage to the surrounding vegetation which highly
influence the potential negative effects of timber extraction on the remaining tree species
after logging operations (Huth and Ditzer 2001; Parrota et al. 2002). In the Maya zone, the
volume of timber extracted every year is low to moderate in comparison with other sites in
the tropics (Toledo et al. 2011), and preventive measures to reduce the impact of felled
trees on the remaining trees are currently taken. In the study sites, diversity loss can be
related to the reduction in the number of species represented by just one individual in
logged sites. In ejido Sefior we documented the highest number of singletons. In this site
we found the largest difference between logged and unlogged sites in terms of overall tree
species diversity and number of singletons species. Generally, species with low abun-
dances are fortuitously impacted when trees are felled, by skidding, and with road con-
struction (Webb 1997; Cannon et al. 1998). Yet, a reduction in the number of species
represented by a single individual can in turn decrease the number of tree species in logged
sites considerably.

Data indicated a reduced regeneration potential of some marketable species, including
mahogany. It has been documented that after logging the initial densities of seedlings are
low (Jackson et al. 2002; Pefia-Claros et al. 2008). However in the study site, a reduced
density of seedlings was still detected 10 years after timber harvesting, in comparison to
unlogged areas, suggesting a long term effect of harvesting upon seedling recruitment.
Several mechanical damages are associated with logging, one of which is soil compaction,
which in turn can affect the rooting capacity of seedlings (Whitman et al. 1997; Pinard
et al. 2000). Nonetheless, other causes could be directly related to the absence of propagule
contribution by logged adults, as documented in this study site, as well. However, a
detailed analysis about the processes involved in the loss of diversity warrants further
work.

Diversity loss in logged sites can also be explained by the overrepresentation of pioneer
species recorded in logged areas. Thus, the increasing of the dominance of pioneer species,
coupled with the reduction in the number of species represented by a single individual as
described here, change the overall evenness and consequently the diversity of the tree
community is also decreased (Chazdon et al. 1998; Magurran 2004). Studies in a Brazilian
tropical dry forest (Villela et al. 2006) and other tropical forests (Kammesheidt 1998; Hall
et al. 2003; Brown and Gurevitch 2004), have also documented that pioneer species
become dominant in logged areas. Increased dominance of pioneer species could have
profound implications in future forest management, inducing the loss of marketable timber
species or the further colonization by secondary, even weedy species (Parrota et al. 2002;
Hall et al. 2003; Brown and Gurevitch 2004; Villela et al. 2006).
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Our results suggest that after 10 years of cutting, species richness and diversity are
lower than in unlogged counterparts. As timber extraction is ubiquitously performed in the
Zona Maya, this activity could slowly erode species richness until a threshold is reached in
which plant diversity drops. The reduction in tree diversity could be associated with
changes in canopy openness and the differential recruitment of species (Huth and Ditzer
2001; Kohler and Huth 2007). Under logging programs, this loss of species is a challenge
for managers. It is possible that this reduction in species diversity could be mitigated by
conducting activities such as the thinning of pioneer species, which can temporarily arrest
regeneration and establishment of mature forest tree species (Fredericksen and Licona
2000; Holl 2002; Giinter et al. 2009; Vargas et al. 2009).

Although our analysis estimated a floristic similarity of about 75% among sites, the
MBDS plots showed a clear separation of those sites with logging operations from unlogged
ones. All those changes were detected in the four DBH classes analyzed in this study,
suggesting that logging can affect the tree composition not only of the smaller trees and
larger trees, which were affected by a loss of species, but also in intermediate size indi-
viduals (our categories 2 and 3), where shifts in composition and dominance were
observed.

Logging effects on tree community structure

We documented several changes in the dominance as expressed by the IV in seven of the
14 tree species most harvested in the Maya zone, including S. macrophylla, the most
valuable timber species in the region. The drop in dominance was associated with the fact
that individuals in unlogged sites had greater basal areas, even though more individuals
were recorded in logged sites, similar to the pattern documented for African mahogany
(Entandrophragma sp.) by Hall et al. (2003). Four species showed positive changes in their
IV in logged areas. These species are pioneers and the number of individuals was almost
double in those areas.

PCA showed higher stump abundance, number of re-sprouting stumps, and liana
abundance associated with logged sites. While little can be said in terms of increased
number of stumps, regeneration by re-sprouting is an important characteristic of tropical
sites (Putz and Brokaw 1989; Whigham et al. 1991; Paciorek et al. 2000; Mostacedo et al.
2009), but which usually results in trees with undesirable architectural characteristics for
future forest management. An important increase in the density of these individuals in the
future could eventually reduce the value of the forest, and in turn increase the pressure to
transform it into a different land use. Increased liana abundance, on the other hand, might
also have negative effects on standing trees and could also potentially affect tree regen-
eration (Gerwing 2001; Pérez-Salicrup 2001; Parrota et al. 2002; Hall et al. 2003).

Forest management and conservation applications

One of the most significant impediments to achieve long-term sustainability of managed
forests is the lack of regeneration of commercial tree species (Whitman et al. 1997;
Mostacedo and Fredericksen 1999). Our data suggest that the shift in regeneration com-
position could be the result of both a loss of adult seeding trees and a change in species
representation which after logging is dominated by pioneer species.

Although our results show changes in logged forests, timber harvesting in the Mayan
zone is a management practice that provides income to the local communities while having
a relatively low impact on rainforest, as compared with the more widespread uses of
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tropical lands such as cattle ranching in the Neotropics, including Mexico (Dirzo and
Garcia 1992). The small reserves in the study ejidos, which were used in this study as
reference, unlogged sites, help maintain a representative contingent of the species and
vegetation structure that was present before modern management. The expansion of this
conservation strategy throughout the whole Mayan forests could represent a chance for tree
diversity conservation. This could be enhanced by the application of pre-logging practices,
such as the establishment of planned roads, liana management, and directional felling of
target trees and other silvicultural treatments (Uhl and Vieira 1989; Pereira et al. 2002;
Pefia-Claros et al. 2008). In addition, post-logging practices such as reforestation programs,
forest enrichment, and pioneer species management may ensure availability of propagules,
and promote connectivity via regeneration of secondary and tertiary roads allowing both
use of resources and biodiversity conservation.
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