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Abstract

Tree structure may strongly influence carbon storage which currently plays a key role in global
carbon cycling. Two structural-diversity and two biodiversity indexes and carbon stocks were
determined at eight humid and sub-humid tropical forest sites between 20-120 yrs-old in
southeastern Mexico. The dbh of all trees > 10 cm was measured and species were identified in
131 randomly located plots of different sizes. Results for the number of species (S), Shannon
(H), biomass—species (BS) and abundance—biomass—species (ABS) indexes were related to Mg
C ha' and the age of the sites. Values found were: S, 27-109; H’, 3.9-5.31; BS, 7.39-16.0; ABS,
9.87-18.2; Mg C ha?, 39.7-130.7. The relationships between BS and ABS to C and the age of
the sites were linear and positive, showing that stand structure directly influenced carbon
storage. The relationship between site age and C was remarkably high (R? = 0.79). Humid

forests showed higher values of C than the sub-humid forests (104.4 vs. 70.6, t=2.07, P=0.04)
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but their structural diversity was similar (BS, 11.25 vs. 8.3, P = 0.134; ABS, 13.9 vs. 10.6, P =
0.135). It is concluded that forestry management (of tree diameter) may be a factor that can

favor more carbon storage in secondary forest regrowth as it starts to reach maturity.

Keywords: aboveground biomass, arboreal community, global warming, natural regeneration,

structural indexes, sub-humid forest.
Résumé

A I'heure actuelle les stocks de carbone des communautés forestiéres sont d'une grande
importance mondiale, mais la structure des arbres peut influencer de maniére significative. Dans
cet article, deux indices de diversité structurelle et deux niveaux de biodiversité ont été associés
a des stocks de carbone dans huit foréts tropicales et sous 20 a 120 ans dans le sud du
Mexique. DHP de tous les arbres> 10 cm de diamétre a été mesurée, et I'espéce a été identifiée
dans 131 parcelles de différentes tailles placés aléatoirement. La richesse en especes (S),
indice de Shannon (H'), lindice de diversité structurelle biomasse-espéces (BS) et de
I'abondance-biomasse-espéces (ABS) avec des magasins connexes mg C ha-1 (C) et I'age des
sites. Les valeurs trouvées sont les suivantes: S, 27-109; H ', 3.9 a 5.31; BS, de 7,39 a 16,0;
ABS, de 9,87 a 18,2; Mg C ha, de 39,7 a 130,7. Les relations entre BS et ABS avec C et l'age
des sites étaient tous linéaire et positive. Le rapport de l'dge du site avec C était
significativement plus élevé (R?> = 79,6). Les foréts tropicales ont montré des valeurs plus
élevées de foréts sub-humides C (104,4 vs 70,6, t = 2,07, p = 0,04), mais sa diversité
structurelle était similaire (BS, 11.25 contre 8,3, P = 0,134; ABS, 13,9 vs. 10,6, P = 0,135). Il est
conclu que la gestion sylvicole (diamétre Woodland) peut étre un facteur favorisant le stockage
du carbone dans le stade de la maturité de la végétation.

Mots-clés: biomasse aérienne, la communauté arboricole, le réchauffement climatique, la

régénération naturelle, les indices structurels, foréts sub-humide.
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Introduction

Species diversity and arboreal structure are the main attributes that influence the community
structure of forests (Magurran 1988) and hence may influence large scale carbon accumulation
in humid forests over time. However anthropogenic activities can result in changes to structural
components of vegetation which also influence carbon accumulation. Most studies of the
relationship between biological diversity and carbon stocks or above-ground biomass (AGB) in
arboreal ecosystems are based upon simple diversity indices such as species richness,
Shannon Wiener index (1949), Simpson’s index (1949), and Shannon‘s evenness (Magurran
1988), which either ignore tree structure or only consider it in a limited way. Alternative structural
diversity indexes have been developed which give a more accurate estimate of the vertical and
horizontal structure of the arboreal community (Lei et al. 2009; Wang et al. 2011; Tran et al.
2013). Species abundance, stem size and height all have a direct effect on the AGB of tropical
forests (Tran et al. 2013). Therefore structural indexes show a better relationship with AGB than
Shannon diversity index, because they assess diversity in 2.5 cm intervals of tree trunk
diameter, and combine up to three variables of community structure such as abundance,
biomass and species, rather than using one variable (Tran et al. 2013). In studies of mature
arboreal communities, combining both diversity and arboreal structural indexes has given
stronger relationships with above-ground biomass, than when using the index individually (Tran
et al. 2013).

Carbon stocks (C) in plant ecosystems contribute half of their standing biomass (AGB)
(Pearson et al., 2005). Many studies have found a strong relationship between AGB or C stocks
and biological diversity in ecosystems including grasslands (Tilman et al. 1996, Aarsen 1997,
Hector et al. 1999) and temperate forests (Vila et al. 2005, Szwagrzyk and Gazda. 2007, An-
ning et al. 2008) and a particularly strong relationship in tropical humid forests (Bunker et al.

2005, Sharma et al. 2010, Vance-Chalcraft et al. 2010, Bora et al. 2013). All the above studies
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measured diversity via one of the commonly used indexes (Shannon-Weiner (H’) and Simpson’s
(D)) or species richness (S) and Shannon’s evenness (E). However, the present study measures
the relationship between C stocks and biological diversity using a structural index based upon
the three community variables (abundance, AGB and S by tree size) that are most likely to
influence carbon storage.

AGB of tropical forests plays a key role in the conservation of organic carbon of the
Earth’s crust (Fearnside 2000; Sitch et al. 2008; Shevliakova et al. 2009) with old-growth forests
considered to be the major carbon sinks (Alves et al. 1997). However, the role of secondary
forests in carbon storage tends to be ignored despite the fact that they grow rapidly and can
sequester large amounts of carbon in their biomass (Bongers et al. 2015). Although re-growth
forest only contain 45-48% of the carbon stocks of old-growth forest their net carbon
sequestration rate is up to 20 times higher (4.6 - 5.8 Mg Cha™ year™) (Pan et al. 2011; Brienen
et al. 2015). It is therefore essential to incorporate the carbon sequestration potential of second-
growth in future assessments of global carbon sinks (Bongers et al. 2015).

The aim of this work was to determine the relationship between the structural diversity of
humid and sub-humid tropical forests of different ages and the amount of their carbon stored. As
a hypothesis it was expected to find a positive relationship between structural diversity and the
carbon stocks of the different aged stands of vegetation, and an increase in this relationship with

increasing age of arboreal vegetation.

Methods

Study area and data collection

Eight humid and sub-humid forest sites were selected in southeastern Mexico, ranging from 20

to 120 years of age and including both natural regeneration and mature forests (Table 1). There
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were three 20-60 year old sub-humid forest sites; three 25-60 year old humid forest sites and
two 80-120 year old mature humid forest sites (Table ). No mature sub-humid forest sites were
included because of its limited distribution, although the 60 year old site can be considered very
close to maturity. Site ages were estimated using local knowledge and by determining the
number of trees with dbh > 80 cm. The oldest sites had a higher number of thick stems and a
larger dbh (see Table ). Three to 45 plot replicates of different sizes (Table I) were set up at
random across each site, and at each plot the diameter of all tree trunks >10 cm at dbh was

measured and the species were identified.

(Table I near here)

Estimation of carbon stock

The AGB of each tree was calculated for each plot using the equation for humid (total annual
rainfall >3,500 mm) and sub-humid (total annual rainfall 1,500 to 3,500 mm) forests, and the

lowest value of mean error according to Chave et al. (2005) (equation 1 & 2 below).

Tree height is difficult and imprecise to measure in closed-canopy forests. Hence, models
involving only trunk diameter are usually preferred. However, models developed by Chave et al
(2005) (equation 1 and 2) tested the relationship of the height of harvested trees against their
above-ground biomass, and found that height was not as important a predictor of AGB as were
dbh or wood density. This was based upon 27 datasets from Asia and America including Mexico
comprising humid and sub-humid forest and secondary and old-growth forests comparable to

those studied here (Chave et al. 2005).

Sub-humid tropical forest:

IN(AGB) = -1.562 + 2.148 In(D) + In(D)? + In(D)? + In(q) [1]
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Humid tropical forest:

IN(AGB) = -1.302 + 1.98 In (D) + 0.207(In(D))? — 0.0281(In(D))® + In(q) [2]

Where:
AGB = above ground biomass
D = diameter at breast height (cm)

q = wood density mean value of 0.6 g/cm?®

Equations 3 to 5 were used for particular groups and species of vegetation (Pearson et al.

2005).

Palms: Biomass = 6.666 + 12.826 x height0.5 x In(Height) [3]
Lianas: Biomass = exp(0.12+0.91xlog (BA at dbh)) [4]
Cecropia obtusifolia: Biomass = 12.764 + 0.2588 x dbh2.0515 [5]

Carbon stock in each tree was calculated using formula 6 (Pearson et al.2005).

Carbon = AGB * 0.5 [6]

Diversity

To facilitate comparison with other studies, species richness (S, total number of species ha?)

and Shannon’s diversity index (H') (Magurran 1988), were calculated for each site.

H = —Z‘Llpixlogpi, [7]

Where: pi is the portion of stems of the ith species.
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Structural diversity

Similarly, structural diversity indices were determined for each site using two indexes from Tran
et al. (2013) the biomass—species diversity index (BS) and the abundance-biomass—species

diversity index (ABS) (equation 8 and 9 below).

BS = — Z‘i’:l{PAGBi In(PAGBI) + PSi In(PSi)}  [8]
Where:
PAGBI is proportion of AGB of diameter class ith, PSi is proportion of species in diameter

class ith, d is diameter classes.

ABS = — ¥ _{PAi In(PAi) + PAGBi In(PAGBI) + PSi In(PSi)} [9]

Where:

PAi is proportion of stems in diameter class ith.

Diameter classes of 2.5 cm were used in all calculations.

Statistical Analysis

The relationships between the diversity indexes (S, H’, BS and ABS) and carbon stocks for the
values obtained at the eight communities of different age were explored using Pearson’s
correlation coefficient (R?). For means comparisons, a t-test assuming unequal variances was
used. All analyses were completed using Statgraphics Centurion (Version 17.1.04, Statpoint

Technologies, Inc., Warrenton, VA, USA).
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Results

General characteristics of the study sites

Table Il shows the values for biological and structural diversity, and levels of carbon stock for the
8 forest communities of different age. Overall, the results suggest that the indexes of structural
diversity and size of the carbon stocks increase with the age of the tree communities at the site.
Species richness ranged from 27 to 109 species ha® and H’ varied between 3.7 and 5.31 with
the highest diversity at the mature forest sites. The lowest C stock was in the 20 year old sub-
humid forest (39.7 Mg C ha?) and the highest (130.7 Mg C ha?l) in the 120 year old mature
humid forest, with lower values for younger forests and highest values in older forests. The
structural diversity indexes were particularly high with highest values in older forests. The BS
indexes ranged from 5.69 to 16.0 and were consistently lower than the ABS indexes which

ranged from 7.44 to 18.2. BS and ABS varied according to the type and age of forest at the site.

(Table Il near here)

Relationship between diversity and carbon stock in different aged forests

There was a positive correlation between species richness (S) and Shannon index (H’) with
carbon stock (Table I1l) (R?, 0.58 and 0.51 for S and H’ respectively against carbon stocks). R?
was 0.52 and 0.41 respectively for S and H’ against site age (Table Ill). Regardless of the age of
sites, there was a positive correlation between BS and ABS and the amount of carbon stored
(Figure 1) (R? 0.49 and 0.48 for BS and ABS respectively against carbon). There was also a
positive correlation between BS and ABS and the age of site (R?> 0.62 and 0.52, for BS and ABS
respectively against site age) (Figure 2). The R? value for carbon stocks against the age of the
site was remarkably high (0.79) suggesting a strong positive relationship (Figure 2). As the age

of the sites increased, both their structural diversity and carbon storage increased (Figure 3).
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(Figure 1, 2 and 3 near here)

Comparison of biological & structural diversity and carbon stocks between humid and

sub-humid forests

Humid forests had higher mean values of species richness (S) and Shannon index (H’) than sub-
humid forests (S = 76.6. sd = 21.5; S = 32.7, sd = 7.4 humid forests and sub-humid forests
respectively, t =4.17, P = 0.01) (H’=4.8. sd = 0.52; H’= 3.9, sd = 0.153 humid forests and sub-
humid forests respectively; t = 3.83, P = 0.01). There was no difference in their structural
diversity (BS = 11.25. sd = 3.4; BS = 8.3, sd = 3.14; humid forests and sub-humid forests
respectively, t = 1.25, P = 0.134) (ABS = 13.9. sd = 3.4; ABS = 10.6, sd = 3.6; humid forests and
sub-humid forests respectively, t = 1.28, P = 0.135). Humid forests had higher mean carbon

stock values than sub-humid forests (Figure 4).

(Figure 4 near here)

Discussion

Biomass accumulation or carbon sequestration in a forest stand is affected by external factors
including climate and geographical location, and internal factors including species richness,
population structure and diversity of stem size. Therefore, an index combining all internal factors
may better represent the AGB to diversity relationship for a stand than one based on a single
factor (Tran et al. 2013). A higher structure—species diversity indicates a greater variation in the
stem size and number of species in each stem size class which results in a multilayered forest

canopy allowing more efficient light infiltration (Tran et al. 2013). This may work in favor of
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natural or assisted regeneration of arboreal species and ecosystem productivity, and result in
larger carbon stocks.

A positive relationship between structural indexes and carbon accumulation was
confirmed along patches of vegetation of different ages (Figure 1). It can be seen that
communities with higher structural diversity indexes (BS and ABS) also had larger carbon
stocks. The highest structural diversity was found in mature or older forests (Figure 1),
suggesting that these later successional stages account for a larger carbon stock (Figure 2) as a
result of a higher variation in stem size in each diameter class of the community. This is in
contrast to the younger successional stages which have more uniform stems sizes.

These results support the hypothesis that as forest structure increases with stand-age,
there is a good potential for C sequestration in regenerating tropical forests, particularly in more
humid regions (Figure 3). Forests with more structural diversity tend to hold more carbon in their
vegetation. This has only been previously reported for mature tropical forest stands (Tran et al.
2013) and for aged forest stands in temperate regions (Lei et al. 2009; Wang et al. 2011).

The relationship between carbon stocks and biological and structural diversity indexes in
tropical forests is seen in young aged stands as well as in climax communities at or near
maturity. Age and arboreal growth are additional factors affecting community structure. For
example, as the age of the forest increases, its structure also changes and is accompanied by
increases in species richness (S), biomass (AGB) and the coefficient of variation of stem size
distribution, in addition canopy structure becomes less homogeneous accompanied by an

increase in the number of larger trees (Guariguata & Ostertag 2001).

Structure is particularly important in arboreal communities because it may reflect the
pattern of the relationship between species diversity and aerial biomass (Szwagrzyk & Gazda
2007). For instance, in young secondary forests where many species and individual trees are

still in the recruitment stage a unimodal pattern in the relationship between these two variables

10
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is more commonly seen (Healy et al. 2008; Vance-Chalcraft et al. 2010). In addition, it is
important to mention that the R? values for the BS correlations were slightly higher (49.1 and
61.9) than those obtained for ABS (48.0 and 52.3) (Figure 1 and Figure 2). This may suggest
that arboreal biomass is a more important or sensitive variable in community structure than
arboreal abundance, as BS includes tree biomass and ABS includes tree abundance. The same
trend was found by Trans et al (2013), and may suggest that the BS index which lacks a
measure of abundance should be used in preference to the ABS index which considers arboreal

abundance.

Finally, an analysis of tropical communities with different annual rainfall (Table 1) showed
that trees in more humid environments store more carbon than those in sub-humid ones (Figure
3). This trend has been reported globally for humid forests which generally show higher
productivity as indicated by higher species richness, diversity indexes and carbon stock,
compared with sub-humid forests (Cascante & Estrada 2001; Godinez-lbarra & LOpez-Mata
2002; Sarmiento et al. 2005; Basafnez et al. 2008; Maldonado-Sanchez & Maldonado-Mares
2010; Martinez-Sanchez & Camara 2012). In this study, S, H’ and carbon stock were also higher
in humid than sub-humid forests. However, there were no differences in the structural indexes

(BS and ABS) between humid and sub-humid forests.

There are some limitations to this study. Whilst the results were significant, there were only a
small number of sites, and the slope and confidence intervals could easily change by the
omission of one or other of the points. Therefore future work should increase the number of
study sites and plots, in order to generate more robust data that will help inform the

management of secondary forests and areas that are being remediated.

The results presented here show that the conservation and sustainable management of

secondary tropical forests may lead to more efficient carbon storage. The higher the species and

11
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structural diversity that result from managing arboreal stem size suggest that regenerating
arboreal communities have the potential to store high level of carbon and can provide important
ecosystem and environmental services in tropical areas. By managing both the diameter of
arboreal stem size and the species richness as regrowth forests recover towards maturity we
would be able increase both the amount and speed of carbon sequestration. We can conclude
that in sub-humid and particularly humid tropical forests, there is a relationship between
structural diversity and carbon stocks. This information could be of great benefit to forest
management planners wishing to achieve a higher carbon stock reserve in tropical regenerating

forests.
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Table I. Characteristics and locations of the Mexican study sites. Age applies to all replicate sample plots. Proportion of stems > 80

cm dap and maximum dbh are taken from the total number of sampled plots in each vegetation type.

Site Name Vegetation type Age Proportion Maximum  Location Annual Annual Number Sampled
of stems dbh (cm) average average (and size) area
(>80 cm temperature rainfall of (ha)
dap) (°C) (mm) sampled
plots
La Cuchilla Sub-humid 20 0 58.0 17° 47 N, 28.0 1,500 25 (10 x 0.25
tropical forest 91°13° W 10 m)
Tila Humid tropical 25 0.7 38.0 17° 27N, 22.1 3,450 45 (20 x 1.8
forest 92° 21" W 20m)
Yumka Sub-humid 40 1.2 137.5 18° 00’ N, 26.9 2,159 3 (50 x 0.75
tropical forest 92°49°' W 50 m)
La Cuchilla Sub-humid 60 1.7 115.0 17° 47" N, 28.0 1,500 25 (10 x 0.25
tropical forest 91°13' W 10 m)
Rieles de Humid tropical 60 1.4 111.0 17° 19’ N, 26.0 3,300 13 (30 x 1.17
San Jose forest 91° 21" W 30 m)
Veteranos de  Humid tropical 60 0.5 144.0 17° 23N, 26.0 3,300 13 (30 x 1.17
la forest 91° 21" W 30 m)
Revolucion
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Nifios Humid tropical 80 2.7 148.0 17° 15N 26.5 3,500 4 (50 x 1.0
Heroes forest 91° 24 W 50m)
Los Tuxtlas Humid tropical 120 2.0 120.0 18° 36" N, 25.1 4,487 3 (50 x 0.75
forest 95° 09’ W 50m)
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Table Il. Values of biological diversity and carbon stocks of eight arboreal communities of different ages in southeastern Mexico.

Species richness (S), Shannon’s index (H’), biomass—species diversity index (BS) and abundance-biomass—species diversity index

(ABS).

Site S H’ C (Mg ha?') BS ABS
20-yr old Sub-humid forest 30 3.7 39.7 5.69 7.44
25-yr old Humid forest 58 4.89 84.1 9.0 12.55
40-yr old Sub-humid forest 27 4.00 72.21 11.78 14.56
60-yr old Sub-humid forest 41 3.9 99.85 7.39 9.87
60-yr old Humid forest 66 4.55 99.4 9.12 11.16
60-yr old Humid forest 62 4.08 98.4 8.33 10.8
80-yr old Humid forest 109 5.31 109.5 13.8 17.0
120-yr old Humid forest 88 531 130.7 16.0 18.2
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Table Ill. Relationship between biodiversity indexes (S and H’) and carbon stocks, and
biodiversity indexes and stand age (yr), in eight humid and sub-humid forest sites in

southeastern Mexico.

Carbon stocks Age
R? P R? P
Species richness (S) 0.58 0.028 0.52 0.042

Shannon index (H’) 0.51 0.046 0.41 0.08
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Figure 1. Relationship between the structural indexes (BS and ABS) and carbon stocks (Mg

ha?) in eight humid and sub-humid forests in southeastern Mexico.
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Figure 2. Relationship between stand age and structural diversity (BS, ABS) and the carbon

store in eight humid and sub-humid forests of southeastern Mexico.
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Figure 3. Change in the structural indexes BS and ABS, and carbon store with age of the stand

in eight humid and sub-humid forests of southeastern Mexico.
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