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ABSTRACT

Mature tropical forests are disappearing and secondary forests are becoming more abundant, thus there is an increasing need to understand the ecology and management
of secondary forests. In the Yucatan Peninsula, Mexico, seasonally dry tropical forests are subject to frequent fire, and early-successional stands are extremely dense.
We applied vegetation thinning (removal of all stems < 2 cm in diameter) to hasten secondary succession and open the understory to reduce the fire ladder in an
11-yr-old stand. We quantified the effect of vegetation thinning on above- and belowground carbon over 5 yr. Aboveground carbon included all standing vegetation
and belowground carbon included fine roots and organic carbon in the Oi, Oe, and Oa soil horizons. Trees with diameter of 2-10 cm and > 10 cm had higher carbon
accumulation rates in thinned plots than in control plots. Carbon stored in the Oi-horizon and the Oe > 2 mm fraction remained significantly higher in thinned
plots even 5 yr after treatment. Carbon in fine roots was significantly higher in thinned plots, and radiocarbon (*4C) data suggest that fine roots in thinned plots were
recently produced in comparison with fine roots in control plots. We did not find significant differences in total ecosystem carbon after 5 yr (126 £ 6 and 136 &
8 Mg C/ha, respectively). These results suggest rapid carbon recovery and support the hypothesis that young tropical forests thinned to hasten succession and reduce

the fire hazard may have only a short-term negative impact on carbon accumulation in vegetation and soils.

Abstract in Spanish is available at http://www.blackwell-synergy.com/loi/btp.
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TROPICAL FORESTS REPRESENT an important component of terres-
trial carbon. These forests account for about 400 Pg of carbon,
which represents nearly 37 percent of the carbon stored globally
in forest ecosystems (Dixon ez al. 1994). However, mature tropical
forests are disappearing at an alarming rate and secondary forests
are becoming more abundant by regeneration after logging, intense
fires, and abandonment of agricultural lands (Chazdon 2003). It is
crucial to understand current carbon stocks and sequestration po-
tentials in tropical ecosystems for an accurate estimate of the global
carbon balance (Houghton 2005). Furthermore, carbon manage-
ment of tropical forests could reduce the cost of emissions limita-
tions set by the Kyoto Protocol (Pfaff ez a/. 2000).

A crucial research question is how tropical forests will respond
to future climate change (Clark 2007), and recent studies have re-
ported a decelerating growth in tropical forest trees (Feeley ez al.
2007, Chave e al. 2008). Thus, there is an increasing need to
understand how different management approaches will influence
carbon stocks in different tropical ecosystems. Most experimen-
tal research has been done to increase carbon sequestration by the
establishment of silvicultural plantations and restoration of aban-
doned and degraded tropical lands (Silver ez a/. 2000), but there
are fewer studies on management of early-successional stands (e.g.,
Guariguata 1999).

Seasonally dry tropical forest (SDTF) cover an estimated area of
over 1.05 x 10° km? (Miles ez al. 2006). However, they experience
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exceptionally high rates of land-use change, with less than 10 percent
of mature forest remaining in many areas (Murphy & Lugo 1986,
Janzen 1988, Bullock et @l 1995). Thus, there is an increasing
need to investigate different approaches to manage these forests to
preserve habitat for many species (Putz ez al. 2001, Ghazoul 2002)
and their carbon sequestration potential (Jaramillo ez a/. 2003, Read
& Lawrence 2003, Alvarez-Yepiz et al. 2008, Vargas ez al. 2008).

The primary uses of these forests have been for shifting agri-
culture, selective logging, fruit tree plantations, and conversion to
grasslands for grazing (Murphy & Lugo 1986). In SDTF of the
Yucatan Peninsula, Mexico, the landscape is the result of a long
history of disturbances forming a mosaic of different stages of sec-
ondary succession. The young stands are characterized by dense
woody resprouts that provide ladder fuels that increase the flamma-
bility of early-successional forests. In contrast, mature forests appear
to be more resistant to fire due to a large number of low-density
hardwood species (Schultz 2005) and an open understory sparse in
ladder fuels (Cochrane ez 2l. 1999).

In this study, vegetation thinning was applied in an SDTF
on the Yucatan Peninsula, Mexico in a densely resprouting for-
est following fire (11-yr old). Our goal was to reduce competition
around remaining trees to enhance their growth, to open the forest
understory to reduce the fire ladder, and thereby achieve a forest
architecture more similar to a mature forest within a shorter time
frame than natural self-thinning (Allen ez 2. 2003b, Vargas 2007).
Thinning is a well-known mechanism to increase the size of individ-
uals (e.g., Yoda et al. 1963, White & Harper 1970, Gorham 1979)
because it reallocates growing space within the stand to maximize di-
mensional growth of selected trees. Most research on forest thinning

© 2009 by The Association for Tropical Biology and Conservation
No claim to original US government works



has been done to identify management guidelines to produce op-
timal stand growth, but recent studies have focused on the carbon
implications of thinning (Garcia-Gonzalo et al. 2007, Hoover &
Stout 2007).

The main objective of this research was to quantify the response
of aboveground, belowground, and total ecosystem carbon stocks
and carbon accumulation rates to thinning over 5 yr in a young
SDTE. We asked the following questions: (1) How does thinning
influence aboveground carbon (AGC) accumulation of the remain-
ing trees? (2) What is the effect of the deposited thinned materials
on belowground carbon (BGC) pools? (3) Tree density changes with
thinning, so what is the effect of the treatment on carbon stored in
fine roots and carbon used for fine root production? (4) What is the
overall effect of vegetation thinning in total ecosystem carbon (AGC
and BGC) after 5 yr? Question 3 is crucial for forest development
but fine root dynamics in tropical forests is poorly understood. In
addition, questions 2 and 3 are relevant for SDTF of the Yucatan
Peninsula as most soils are shallow (< 50 cm) but may contain up
to 50 percent of total ecosystem carbon in mature forests (Vargas
et al. 2008). Finally, question 4 tests the conventional thinking that
thinning a stand does not result in any net gain of biomass and car-
bon, since the increased growth is concentrated in a smaller number
of stems. However, there is evidence that the choice of thinning
method has the potential to alter carbon gains. Hoover and Stout
(2007) reported that understory thinning was more effective than
canopy thinning in improving carbon gain in a temperate forest.
However, to date it is unclear how thinning affects AGC and BGC
dynamics in SDTFs.

With these questions we tested the following hypotheses: (1)
vegetation thinning would increase AGC accumulation in the re-
maining trees (Guariguata 1999); (2) carbon stocks would initially
increase in belowground pools as a result of the thinned material
deposited on the ground, but may experience high decomposition
rates as expected for tropical forests (Trumbore 2000); (3) fine
roots may experience high mortality after the treatment but may
recover and store more carbon in the thinned plots following the
treatment because they explore new space for water and nutrient
uptake (Lopez ez al. 1998, 2003; Hwang et al. 2007); and (4) total
ecosystem carbon may be lower in the thinned plots because of
AGC loss after the thinning treatment and the expected high de-
composition rates of the thinned material. Finally, this study is an
attempt to quantify the response of above- and belowground pools
to understand the effect of vegetation thinning on total ecosys-
tem carbon and to improve our knowledge of carbon management
techniques.

METHODS

STUDY SITE.—The study was conducted at El Eden Ecological Re-
serve (21°12.6’ N, 87°10.93’ W) in the northeast Yucatan Penin-
sula, Mexico. This site has a mean annual temperature of 24.2°C
and annual precipitation of 1650 mm. The climate is typical of
SDTE, with a pronounced dry season (< 100 mm/mo) in January—
April (Giddings & Soto 2003). The soils in the Reserve are shallow
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(< 20 cm) with ¢z 30 percent soil organic matter, pH 7.5, bulk den-
sity of 0.35 g/ cm?, and overlaying limestone bedrock (Allen ez al.
2003a, Vargas ez al. 2008).

The vegetation of the Reserve is described in Schultz (2005),
and is a mosaic of successional vegetation most recently disturbed
by hurricanes and anthropogenic fires (Gémez-Pompa et al. 2003,
Vargas & Allen 2008, Vargas er al. 2008). The experimental site
had 53 tree species, with the 10 dominants including individuals
of Bursera simaruba (L.) Sarg., Dendropanax arboreus (L.) Decne.
& Planch., Ficus cotinifolia Kunth., Guettarda combsii Urb, Jatropha
gaumeri Greenm., Lonchocarpus castilloi Standl., Lonchocarpus rugo-
sus Benth., Nectandra salicifolia Kunth, Piscidia piscipula (L.) Sarg.,
and Vitex gaumeri Greenm. These species accounted for 90 percent
of the individuals at the experimental site (Vargas 2007).

The experimental plots were located within a forest stand
burned during a severe wildfire in 1989. The site was divided into
a grid of 20 plots, with 10 treatments and 10 controls in a random-
ized, blocked, replicated design. Each plot was 20 x 20 m with a
5-m aisle between plots. Tree height, basal area, and density of all
tree size classes were measured in all plots at the beginning of the
experiment and no significant differences (GLM procedure, P >
0.05) were found among treatment and control plots (Fig. 1). A
thinning treatment was applied in July 2000 to the treatment plots
by cutting all trees with a dbh < 2 cm, regardless of species (Vargas
2007). Cut trees were counted in 5 X 5 m sub samples of each
plot and all the cut vegetation was left where it fell and allowed
to decompose on site. The remaining 10 plots were left uncut and
used as control plots. We will refer to these plots as thinned and
control throughout the text. After the thinning in 2000 no further
treatment was applied.

MEASUREMENTS.—For this study we sampled six thinned and six
control plots during August of 2003, 2004, and 2005. We defined
AGC pools as the carbon retained in standing vegetation including
dead and living trees. BGC pools were defined as the carbon retained
in the soil profile including fine roots, litter, and soil organic matter.
Total ecosystem carbon was defined as the sum of all the AGC and
BGC pools.

TREE MEASUREMENTS.—We measured aboveground components
using a nested plot design. Within each 20 x 20 m plot we measured
all trees with dbh > 10 cm. We established two 5 X 5 m plots inside
each 20 x 20 m plot, in which we measured all trees < 10 cm but
> 1 cm dbh. Within each 5 x 5 m plot we established two subplots
of 1 X 1 m to measure all trees with a dbh < 1 cm but > 1.3 m
in height. All seedlings < 1.3 m in height were counted and
harvested in all 1 x 1 m plots. Tree height of standing trees
(> 1 cm dbh) was determined via regression models (tree height vs.
diam.) developed from measurements of 561 trees in the thinned
and control plots during 2003 (Table 1). Biomass of trees was cal-
culated using published allometric equations (Table 1). For trees
> 10 cm dbh we used equations developed in nearby forests of
the Yucatan Peninsula (Cairns e /. 2003), while for trees < 10 cm
we used equations developed from tropical forests of Veracruz, Mex-
ico (Hughes ez al. 1999). Consistent with Clark ez 2/ (2001) and
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FIGURE 1. Tree height (A—C), basal area (D-F), and tree density (G-I) in the control and thinned plots in a seasonally dry tropical forest following a selective

vegetation treatment. Values represent means £ SE. We did not find significant differences between control and thinned plots at the onset of the experiment

(pre-treatment). There were no trees > 10 cm dbh at the onset of the experiment (pre-treatment). PT = pre-treatment. *P < 0.05, **P < 0.05 represent significant

differences of post-hoc tests between treatments after thinning.

Vargas et al. (2008) we used a conversion factor of 0.5 to estimate
the carbon fraction in oven dry wood.

SOIL SAMPLING.—To measure BGC pools we collected samples in
the Oi (litter) and Oe (decomposed litter) horizons in two areas
of 0.5 x 0.5 m of each control and thinned plot. The mate-
rial found in the Oe horizon was subdivided into Oe > 2 mm
(material > 2 mm; partially decomposed litter) and Oe < 2 mm
(material < 2 mm; highly decomposed litter). The samples from
the Oi and Oe horizons were oven-dried at 65°C to determine dry
weight. At the center of each 0.5 x 0.5 m plot we collected samples
of the Oa-soil horizon (including fine roots) by inserting a 4.5-cm-
diam. metal soil corer until we encountered the limestone bedrock
(usually < 10 cm in depth). All cores taken within the same 20 x
20 m plot were combined. Soil samples were air-dried and trans-
ported to the University of California, Riverside where they
were stored at —20°C prior to laboratory analysis. Fine roots

(< 2.0 mm in diameter) from cores were sorted by hand and rinsed
free of organic matter with deionized water and oven-dried at 65°C
to determine dry weight. With this sampling protocol our cores
only intercepted fine roots at the depth of the cores, averaging
< 10 cm depth, but not large roots that typically penetrate the
limestone bedrock. Sampling these larger roots was not possible for
this research, as major disturbances would be required to sample
roots in bedrock during consecutive years.

LABORATORY ANALYSES.—Soil samples from all horizons (Oa, Oe,
and Oi horizons) and fine roots were ground to pass through a
250 pm sieve and oven-dried at 65°C for 72 h. Sub samples from
the Oa horizon (1 g) were treated with 0.5 N HCI to remove car-
bonates and then analyzed for total organic carbon (Schumaher
2002). Carbon percentage was determined by dry combustion us-
ing a Thermo Finnigan Flash EA1112 N/C analyzer (Milan, Italy).
Carbon content per unit area for all fractions measured in this study
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TABLE 1.  Egquations used to determine tree height and biomass in control and thinned plots in a seasonally dry tropical forest.

Parameter Equation CF )2
Height of trees (cm)
(1) Thinned and Control plots* = 2.5233 x In(D) + 2.3105 1.02 0.85
Biomass (Mg)
(2) Trees > 10 cm dbh** = exp(—2.173 4 0.868 x In[D?H] + [0.0939/2]) none 0.9
(3) Trees < 10 cm dbh*** = (exp[4.9375 + 1.0583 x In(D?)]) x 1.14/10° 1.14 0.93
(4) Wood in trees < 1 cm dbh*** = exp(4.7472 + 1.0915 x In[D?])/10° 1.13 0.93
(5) Leaves in trees < 1 cm dbh*** = exp(3.0473 + 0.07778 x In[D?2])/10° 1.45 0.71
(6) Standing dead trees > 10 cm dbh*** = 7 ([D/2]?)/H(0.41) none none
(7) Dead trees < 10 cm dbh*** = (exp[4.6014 + 1.1204 x In(D?)])1.11/10¢ 1.11 0.95

Notes: Symbols after each parameter indicate source: *this study, **Cairns ez a/. (2003), ***Hughes ez al. (1999). Biomass is expressed as dry weight (Mg). Definitions

of symbols: D = diameter at breast height (cm), H = total tree height (m), BA = basal area (cm?), dbh (diameter at breast height), CF = correction factor as per

Sprugel (1983).

was estimated using measurements of mass per area and percent car-
bon, and organic carbon in the Oa-horizon was calculated based on
soil bulk density and horizon thickness (Schoeneberger & Wysocki
2002).

Radiocarbon *C was used to estimate the mean age of carbon
in fine roots in the thinned and control plots to test for potential
changes in fine root radiocarbon age after thinning. This technique
was applied to answer question 3 to identify differences in fine
root production. Soil cores were collected from three control and
three thinned plots during 2005. Fine roots (< 2.0 mm in diam.)
from cores were sorted by hand and rinsed free of organic matter
with deionized water, but we did not discriminate between live
and dead roots. After an acid—base—acid treatment (Gaudinski ez 2/.
2001), root samples were oven-dried at 60°C and then ground.
Samples were converted to graphite according to Xu ez a/. (2007)
and measured for radiocarbon using accelerator mass spectrometry
(AMS) at the UC Irvine W. M. Keck Carbon Cycle AMS facility
(see Trumbore ez al. 2006). To estimate the mean age of carbon in
fine roots we assumed that all structural carbon in the root grew
in a single year and the average age of the root was determined
by comparing the AC of the structural carbon of the roots to
the record of A'C of CO, in the atmosphere (Gaudinski ef a/.
2001, Trumbore ez al. 2006). We used the A'4C record for tropical
latitudes (30°N-30°S) reported by Levin and Kromer (2004) and
updated by X. Xu (pers. comm.).

STATISTICAL ANALYSES.—Data sets were tested for normality, arcsine-
transformed when needed, and analyzed using the GLM procedure
for pretreatment comparisons, and repeated measures GLM pro-
cedure to show differences on each variable over time after the
treatment. Potential block interactions were statistically tested, but
were not significant for any measured variable (P > 0.05). Post-
hoc tests were performed with a #-test between groups (control and
thinned) at each time. Annual carbon accumulation rates were cal-
culated using the slope generated by linear regressions, and analysis

of covariance (ANCOVA) was used to test differences in slopes be-
tween treatments. All statistical analyses were performed using SPSS
statistical software (SPSS Inc., v13.0, 2006).

RESULTS

TREE BASAL AREA, DENSITY, AND HEIGHT.—The trees cut during
the thinning in July 2000 were on average nearly 2-m tall whereas
the remaining trees were nearly 4-m tall. Total tree basal area was
reduced by ca 17 percent from nearly 23.0 to nearly 19.0 m?/ha
after thinning all trees < 2 cm dbh. Nearly 40,000 trees/ha were
cut during the treatment, and nearly 11,000 trees’ha with dbh
> 2 cm remained reducing about 78 percent of the individuals.

We found an overall significant difference (P < 0.001) in
basal area between the control and thinned plots during the 3 yr of
measurements. Basal area for trees with dbh < 2 cm was significantly
(P < 0.001) higher in the control plots from 2003 to 2005 (Fig. 1A),
mainly because of the high number (> 15,000 trees/ha) of trees in
this category (Fig. 1B). Although we observed resprouting of trees
< 2 cm in the thinned plots, these were significantly lower (P <
0.001) in number and height than trees of the same category in the
control plots (Fig. 1B, C).

Five years after the treatment, we observed a recovery of basal
area of trees with dbh 2-10 cm in the thinned plots (Fig. 1A). The
density of trees of this category was significantly lower (2 < 0.001)
in the thinned than in the control plots (nearly 10,000 and 20,000
stems/ha, respectively; Fig. 1B). Therefore, trees of this category
responded to the treatment by having greater dbh but similar height
compared to trees in the control plots.

Trees > 10 cm dbh were highly responsive to the treatment.
These trees had significantly larger (P < 0.001) basal area in the
thinned plots from 2003 to 2005 than in the control plots.
Trees > 10 cm were significantly (P < 0.001) more abundant
in the thinned plots, but not significantly taller (Fig. 1).
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FIGURE 2.  Aboveground carbon of trees with dbh < 2 cm (A), 2-10 cm (B), > 10 cm (C); and total aboveground carbon (sum of all tree diameter classes). (D)

Values represent means & SE in Mg C/ha in thinned and control plots. We did not find significant differences between control and thinned plots at the onset of

the experiment (pre-treatment). PT = pre-treatment. There were no trees > 10 cm dbh at the onset of the experiment. *P < 0.05, **P < 0.05 represent significant

differences of post-hoc tests between treatments after thinning.

ABOVEGROUND CARBON.—We found a significantly larger (P <
0.001) carbon pool in trees < 2 cm dbh in the control plots between
2003 and 2005 (Fig. 2A), and significantly lower (P < 0.001) carbon
accumulation rates in thinned than control plots (0.9 and 1.9 Mg
C/halyr, respectively).

We found overall differences in carbon stored in trees 2—
10 cm dbh (P < 0.001); however, the differences were accentu-
ated with significantly lower (P < 0.05) carbon in the thinned
plots 3 yr after the treatment, but no significant differences there-
after (Fig. 2B). Carbon accumulation rates were significantly higher
(P < 0.001) in the thinned than control plots with rates of 7.1
and 4.6 Mg C/halyr, respectively, between 2003 and 2005. Car-
bon stored in this size category (2-10 cm dbh) of trees repre-
sented nearly 70 percent of the AGC in control and thinned
plots.

Trees with dbh > 10 cm were responsive to the treatment
with significantly greater carbon stored in the thinned plots, and

a maximum difference of nearly 4.3 Mg C/ha 5 yr after treatment
(Fig. 2C). Higher accumulation rates (2 < 0.001) were observed
in the thinned than in the control plots (1.3 and 0.7 Mg C/ha/yr,
respectively), between 2003 and 2005.

We calculated that the thinning treatment reduced total AGC
from 16.2 to 11.5 Mg C/ha in 2000 based on our count of cut trees
and equation (3) in Table 1. We found overall total AGC significant
differences (P < 0.001) between the control and thinned plots. Total
AGC remained significantly lower (P < 0.05) in the thinned plots
after 3 yr, but we did not find significant differences thereafter
(Fig. 2D). Five years after the treatment AGC accounted for 37.8
and 38.7 Mg C/ha in the control and thinned plots, respectively.
We found significantly higher (P < 0.001) total AGC accumulation
rates of the thinned than the control plots (9.2 and 6.9 Mg C/ha/yr,
respectively) between 2003 and 2005. In addition, the net gain in
total AGC in 5 yr was 21.6 Mg C/ha for the control plots and 27.2
Mg C/ha for the thinned plots.
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FIGURE 3.

Belowground carbon of (A) fine roots, (B) Oe < 2 mm fraction, (C) Oe > 2 mm fraction, (D) Oi-horizon, (E) Oa-horizon, (F) total belowground

carbon (sum all belowground pools), and (G) belowground carbon without Oa-horizon pool. Values represent means £ SE in Mg C/ha in thinned and control plots.

Belowground carbon was not measured at the onset of the experiment. *P < 0.05, **P < 0.05, ***P < 0.001 represent significant differences of post-hoc tests between

treatments after thinning.

BELOWGROUND CARBON.—Carbon stored in fine roots was signifi-
cantly higher (P < 0.001) up to 5 yr in the thinned plots than in
the control plots with an average of 2.1 and 1.1 Mg C/ha, respec-
tively (Fig. 3A). The carbon stored in fine roots of the thinned plots
may come from recently produced fine roots after the treatment
as suggested by the radiocarbon measurements. A'C of struc-
tural carbon of fine roots in the thinned plots was significantly

lower (P = 0.023) than in the control plots (A'¥C = 81.2 4 4.3
and 94.8 £ 5.8, respectively). The mean radiocarbon age of fine
roots ranged from 3 yr in the thinned plots to 6 yr in the control
plots.

We did not find significant differences in the carbon stored in
the Oe < 2 mm fraction (Fig. 3B), but carbon stored in the Oe >
2 mm fraction was significantly greater (P < 0.001) in the thinned
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plots up to 5 yr (Fig. 3C). We did not find differences in carbon
accumulation rates in either of the Oe fractions.

Carbon stored in the Oi-horizon remained significantly higher
(P < 0.001) in the thinned plots even 5 yr after the treatment
(Fig. 3D). We found a significant decrease (P < 0.001) of carbon
stored in the Oi-horizon of the thinned plots at a rate of —0.2 Mg
C/halyr during 2003-2005, and an accumulation of the carbon
stored in the Oi-horizon of the control plots of 0.1 Mg C/halyr in
the same time period.

We did not find significant differences in the carbon stored
in the Oa-horizon (Fig. 3E), nor were there differences in carbon
accumulation rates in this horizon between the control and thinned
plots. Total BGC was notsignificantly different between the thinned
and control plots, most likely as a result of the high carbon con-
tent and variation of the Oa-horizon (Fig. 3F). The Oa horizon
contained nearly 60 Mg C/ha with about 28 percent of organic
carbon at an average depth of 6 cm. However, with the Oa-horizon
pool excluded from the analysis we found significantly (P < 0.001)
higher BGC in the remaining pools in the thinned plots (Fig. 3G).

TOTAL ECOSYSTEM CARBON.—Total AGC in these forests repre-
sented nearly 23 percent of total ecosystem carbon in 2003, 30
percent in 2004, and 35 percent in 2005. Conversely, total BGC
represented nearly 77 percent of total ecosystem carbon in 2003, 70
percent in 2004, and 65 percent in 2005. We did not find significant
differences in total ecosystem carbon with values of 126 £+ 6 Mg
C/ha in the control plotsand 136 £ 8 Mg C/ha in the thinned plots
5 yr after the treatment, indicating that the thinned plots were able
to recover their carbon stocks in spite of the thinning treatment.
Noteworthy, the Oa-horizon represented nearly 60 percent of total
ecosystem carbon at our study site, with large variation (Fig. 3E).

DISCUSSION

ABOVEGROUND CARBON.—This research is one of the few studies
to apply vegetation thinning in an early-successional tropical forest
(e.g., Guariguata 1999, Andresen ez al. 2005). Our goal was to
open the canopy to allow the larger trees to increase their size and
trunk diameter growth while reducing the flammable fire ladder.
The experimental treatment reduced 14 percent of total tree basal
area, which represented 4.7 Mg C/ha in the thinned plots, and we
assessed the carbon consequences of thinning-induced changes in
stand structure over 5 yr. We observed greater AGC accumulation
rates of all trees > 2 cm in the thinned plots with more carbon
stored in trees > 10 cm dbh than in the control plots. Five years
after the treatment, we were able to create a less dense forest in the
thinned plots, but one with similar total basal area and AGC as the
control plots.

Our results support hypothesis 1 but because of higher AGC
accumulation rates they challenge hypothesis 4 as we did not find
differences in total ecosystem carbon. The carbon accumulation
rates in the thinned plots are comparable to the increase in carbon
sequestration found in thinned plots in a Pennsylvania Allegheny
hardwood stand in the U.S. (Hoover & Stout 2007). Plots thinned

from below (small diameter understory stems) had greater carbon
accumulation after 25 yr compared to controls than plots receiving
middle or top thinning (Hoover & Stout 2007). Our thinning treat-
ment is comparable to the plots thinned from below by Hoover and
Stout (2007), and our results support the hypothesis that changes in
stand structure can affect carbon storage. We postulate that recovery
rates may differ with stand age at the time of thinning treatment,
site history, and vegetation type. Thus, more research is needed on
the carbon implications of thinning management in natural succes-
sional stands in tropical forests.

We observed that, after opening the canopy, the remaining trees
rapidly filled in the canopy gaps with increased leaf area (Vargas
2007) and significantly increased their stem growth as has been
observed elsewhere (Haggar & Ewel 1995). Additionally, thinning
reduced competition from small-diameter trees, which may have
been using belowground resources, especially water (Haggar & Ewel
1997). The fact that total AGC was similar in thinned and control
plots by 2004, 4 yr after thinning, indicates the more rapid growth
rate of the thinned forest, and was shown by our calculations of
carbon accumulation rates. The increased carbon accumulation of
individuals and the stand following thinning in an early-to-mid seral
stand would be expected (Clark 1990), and our increased biomass
accumulation of 1.3 MgC/ha for trees > 10 cm dbh were well
within the expected estimates of increased production of 1.1-1.5
MgC/ha following thinning (Dewar 1993).

Designing carbon management approaches to increase AGC is
crucial because SDTF in the Yucatan peninsula requires nearly 80
yr to recover AGC levels (nearly 70 MgC/ha) equivalent to mature
forests (Read & Lawrence 2003, Vargas er al. 2008). Additionally,
thinning may not only increase AGC accumulation of the remaining
trees, but it also creates a less dense forest reducing the fire ladder.
In contrast to early-successional stands, mature tropical forests are
characterized by an open understory and a reduced fire ladder that
may increase resistance to fire (Allen ez a/. 2003b, Ray et al. 2005).
For example, the tree density of stems < 10 cm in mature forests at
El Eden Ecological Reserve is nearly 11,000 trees/ha (Vargas 2007),
while in the thinned and control plots it was 12,500 and 35,000
trees/ha, respectively (5 yr after treatment).

BELOWGROUND.—A chronosequence study, comparing stands of
SDTF at our study site, showed that 18 yr are required to recover
BGClevels similar to mature forests (c2 80 MgC/ha) in these shallow
organic soils (Vargas et al. 2008). Therefore, prior to the thinning
treatment, our 11-yr-old forest (in 2000) had accumulated about
50 percent of BGC levels of mature forests. In addition, most of the
BGC is stored in the Oa-horizon and the remaining pools represent
only 15 percent of total BGC.

Our results do not support hypothesis 2 as we expected higher
decomposition rates in tropical forests and therefore find similar
values of BGC between the control and thinned plots 5 yr after
the treatment. We found higher carbon stocks in the Oi-horizon
of the thinned plots probably as a direct result of the remaining
debris (e.g., stems < 2cm in diameter) even after 5 yr of the treat-
ment. We found that the rate of accumulation of Oi-horizon in
thinned plots decreased during the 3 yr, while the rate increased



for control plots. However, our results show that the coarse mate-
rials deposited after the treatment may have lower turnover rates
than litter alone and could contribute to BGC for a longer period
of time. High decomposition rates are expected in tropical forests
(Trumbore 2000), and it has been reported that litter inputs from
hurricane disturbances disappear in less than 1 yr (Ostertag ez al.
2003). Noteworthy, we found higher carbon stocks in the Oe >
2 mm fraction of the thinned plots, which suggests that part of the
deposited materials have likely decomposed into a more stable car-
bon pool, but long-term observations (> 10 yr) are needed to show
the possible contribution of material deposited after the thinning
to more stable carbon pools in the Oa-horizon (Lal ez 4l 2004).
We did not measure litterfall, but an alternative explanation is that
higher carbon in the Oi-horizon may be a result of changes in forest
canopy of the thinned plots in comparison with the control plots
(Vargas 2007), which could cause possible differences in litter in-
put. Thus, changes in forest structure after thinning may influence
decomposition rates of deposited materials and litterfall input by
increasing the leaf area (Vargas 2007).

Our results support hypothesis 3 as a significantly higher car-
bon pool was found in fine roots of the thinned plots up to 5 yr after
the treatment. Fine root mortality has been observed after vegeta-
tion thinning (Hwang ez a/. 2007), so it is likely that root mortality
occurred immediately after the thinning treatment. However, our
results are comparable to other studies where fine root biomass and
production is higher in the thinned than in the control plots (Lopez
et al. 1998, 2003; Hwang et al. 2007). We postulate that less com-
petition from small trees may have favored the colonization of small
pockets of soil by newly formed fine roots (Hodge 2004) of the re-
maining trees in the thinned plots as soil is a limited resource in this
karstic ecosystem (Vargas et al. 2008). This hypothesis is supported
by our observations of younger radiocarbon-dates in structural car-
bon of fine roots in the thinned plots. Radiocarbon dating of fine
roots may be interpreted as: (1) the mean age of carbon in fine roots
of the thinned plots is younger than the mean age of carbon in fine
roots of the control plots; or (2) plants in the thinned plots use
recent carbon to produce fine root tissues (Gaudinski ez /. 2001,
Trumbore ez al. 2006). Both interpretations suggest that changes
in forest aboveground structure by vegetation thinning influenced
fine root dynamics. Our research is one of the few studies that have
measured radiocarbon in fine roots of tropical forests and supports
the observations that recently fix carbon is used to produce new fine
roots (Trumbore ez 2/ 2006).

Odur fine root results are relevant because investment in carbon
to fine root production could enhance water and nutrient uptake
and support arbuscular mycorrhizae fungi (Allen 1991), which in
turn benefit tree growth (Allen e al. 2003a, 2005). We observed
more carbon stored in fine roots of the thinned plots, but our sam-
pling underestimates total BGC because we only sampled fine roots
and not larger coarse roots that penetrate into the limestone bedrock
and have access to pockets of deeper soil and water (Querejeta et .
20006). Finally, it is important to recognize that the thinning treat-
ment appears to have increased the flux of carbon to belowground
as fine root production, but this does not means that it increased the
partitioning of total carbon to belowground (flux to belowground
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as a fraction of total flux). Understanding how carbon is allocated in
forest ecosystems is crucial to understand forest ecosystem carbon
cycling (Litton ez al. 2007).

TOTAL ECOSYSTEM CARBON.—Our results do not support hypothe-
sis 4 and challenge the conventional thinking that thinning a stand
does not result in any net gain of carbon. Five years after the treat-
ment, total ecosystem carbon did not differ significantly by treat-
ment with 136 & 8 and 126 £ 6 Mg Cr/ha in the thinned and
control plots, respectively. These results suggest the fast recovery
potential of these forests after vegetation thinning. We do not know
if this trend will continue in subsequent years because the site was
severely impacted by hurricane Wilma during October 2005 and
modified forest structure and forest carbon dynamics (Vargas &
Allen 2008).

In early-successional SDTF of the Yucatan most of the carbon
is stored belowground (Vargas ez al. 2008). In our study, we observed
that AGC represented 23-35 percent of total ecosystem carbon but
BGC represented 65-77 percent. Total ecosystem carbon may be
underestimated by not accounting for large roots embedded in the
limestone bedrock. A previous study in a mature SDTF reported
that carbon stored in roots (including fine roots and roots > 20 mm)
represented 4.7 percent of total ecosystem carbon (Jaramillo ez /.
2003). Our results show that fine roots represented 0.9 and
1.5 percent of total ecosystem carbon in the control and thinned
plots, respectively. Thus, based on the former study, we suggest that
our estimates of carbon stored in roots may underestimate total
ecosystem carbon by nearly 3 percent. More studies are needed in
SDTF to better understand the contribution of AGC and BGC
pools and their responses to different management practices to test
the outcomes of our study.

CONCLUSIONS.—Our results suggest that thinning a young SDTF
to hasten succession and reduce the fire hazard may have only a
short-term negative impact on carbon accumulation in vegetation
and soils. This study showed the response of AGC and BGC pools
in an 11-yr-old SDTF after thinning as a practice to open the forest
understory, hasten secondary succession, and reduce the fire ladder
(Allen et al. 2003b, Ray et al. 2005).

Odur results suggest higher AGC accumulation rates, higher fine
root biomass, and no differences in BGC and total ecosystem carbon
between the thinned plots and the control plots over 5 yr following
the treatment. No difference in BGC is explained by the large
(> 50%) contribution of this component to total ecosystem carbon.
However, the relatively high rate of fine root recovery following
thinning suggests that plants have the ability to produce fine roots
when soil space is available as it is a limited resource in the Yucatan
Peninsula. The fine root response shows the importance of studying
the impact of aboveground management on belowground processes
to understand feedbacks that will influence forest regeneration and
carbon balance (Houghton 2003). However, a complete inventory
of the coarse roots embedded in the limestone is needed for a full
ecosystem carbon inventory.

This thinning approach was not designed to restore the high
diversity found in mature SDTE, but the treatment did not reduce
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the number of species present in the thinned plots in comparison
with the control plots (Vargas 2007). Additional studies on the
diversity changes in this forest are forthcoming. The treatment
presented in this study could be improved by preserving endangered
species present in the stand (e.g., V. gaumeri), species also present in
mature forest, or species with important economic value. However,
we have been able to show that thinning is a beneficial practice
in the long term from the standpoint of carbon accumulation,
mediated through both aboveground and belowground responses
to a reduction in the forest density. Finally, secondary SDTF may be
especially economically attractive for carbon markets (Olschewski
& Benitez 2005), but may require management to enhance carbon
accumulation rates.
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