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Carbon sequestration in tropical secondary forgst&ing in all climates must be
quantified to understand their potential role iaptétion and mitigation strategies of
global climate change. Total aboveground bioma#s5B), soil carbon, and total
ecosystem carbon (TEC) were measured in 54 segpfatasts growing along a
broad bioclimatic gradient of 6 life zones, fromvland Dry to Premontane Rain
forests in Costa Rica. The potential of regenegaggcondary forests to offset carbon
losses due to climate change-mediated primary tfoesgradation into the year 2100

was also determined.



TAGB ranged from 12 Mg-ha(5 MgC-h&) in a 9-yr Dry forest to 298 Mg-Ha
(143 MgC-hd) in a 60-yr Wet forest. TAGB and carbon were daitedl with forest
age and the ratio of potential evapotranspiratoprecipitation. Secondary forests
were predicted to reach TAGB90% of that in primary forest in 35 to 126 yrs. &ne
soil carbon to 1 m ranged from 127 to 278 Mg-hmthe Dry and Premontane Rain

life zones. There was no correlation of soil C gowith age.

TEC was as high as 440 Mg+him a 40-yr Premontane Rain forest. Maximum rafes o
TEC sequestration were highest (14 — 33 Mg-¥d) in life zones with intermediate
levels of precipitation and lowest (7 and 12 Md-lya’) in the Dry and Premontane
Rain life zones. Secondary forests were predidextain ecosystem C levels similar

to that of primary forests in 44 — 105 yrs.

Based upon simulations of forest growth and thengimgy land area covered by
differing life zones due to climate change, carlmmses from primary forests ranged
from < 6 to 65 Tg under two different climate charsgenarios for the year 2100.
Secondary forests would need to cover 19% of aéeldne to offset the larger flux
of carbon into the atmosphere. Our modeling didimdtide additional carbon losses
associated with changing disturbance regimes dmet gtimate change responses.
Results from this study underscore the value abisgary forests for their potential to
sequester carbon across a diversity of tropicalaties as a means of climate change

mitigation.
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ABOVEGROUND BIOMASS AND ECOSYSTEM CARBON POOLS IN
TROPICAL SECONDARY FORESTS GROWING IN SIX LIFE ZOSEOF
COSTA RICA

INTRODUCTION



Secondary forests represent 35% of all existingit¢ad forests in the world (Emric
al. 2000). In addition, Wright (2005) estimated se@ydorests have replaced at
least one of each six hectares of primary forefirdsted in the 1990s and Wright &
Mueller-Landau (2006) predicted that in the futorest tropical forests will be
secondary forests regenerating after previousiolgaln tropical America, secondary
forests now cover at least 335 million ha, and guggested they exceed the area
covered by primary forests in some countries (FA0% Houghtoret al. 2000). In
Costa Rica, for example, 180 000 hectares are atdrio be under primary forest
cover, while secondary forests cover 425 000 hatiB@01). Likewise, in Puerto
Rico, the area of “new forests” is also much gnetitan the area in primary forests

(Lugo & Helmer 2004).

Because of their fast growth rates (Ewel 1971, @uata & Ostertag 2001) and
increasing extent (Wright & Mueller-Landau 200&¢sndary forests may function to
improve degraded soils, maintain biodiversity, erdeawater quality, and supply
timber and non-woody products (Aideal. 2000, Chazdon & Coe, 1999, Finegan
1992). In addition, secondary forests have a gretntial to sequester C from the
atmosphere (Brown & Lugo 1990, Silvetral. 2000). For example, Nilegt al. (2002)
estimated regenerating forests globally have thhemi@al to accumulate 316 million
Mg of C over a 10 year period, with 56% of thatgudial in Latin American

countries.



Secondary forest research on tropical C dynamisdrhditionally focused on moist
and wet lowland climates (Brown and Lugo 1990, are1996, Guariguata &
Ostertag 2001). A few recent studies have devdtedtson to secondary forest
dynamics in Tropical Dry (Kalacslat al. 2004, Romero-Duquet al. 2007, Vargast
al. 2008) and Montane climates (Felesal. 2002, Howorth & Pendry 2006, Nadkarni
et al. 2004). Two major generalizations have emerged tlueresearch: (1)
Secondary forests have the potential to accumblataass and C pools similar to
those in primary forests (Brown & Lugo 1990, Sileeal. 2000, Hughest al. 1999);
and (2) The severity and duration of previous lasd affects the rate and pattern of
secondary forest recovery (Fearnside & Guimara®$,19ughet al. 1999, Uhlet

al. 1988). However, the extent to which these gereatins are valid across a wide
range of tropical climates is unclear (Guariguat@stertag 2001). Persistent
guestions related to biomass accumulation and nabquestration by tropical

secondary forests addressed by this dissertatcnde:

1. How do rates and patterns of aboveground biomasseey of tropical secondary

forests differ across a diversity of climatic carahs encountered in the tropics?

There is considerable variation in the accumulaéiod partitioning of total
aboveground biomass (TAGB) of wet and humid trdpeaondary forests due to soil
properties and land use history (Aigeal. 1995, Campo & Vasquez-Yanes 2004,

Fearnside & Guimaraes 1996, Hugleeal. 1999, Saldarriaget al. 1988, Uhlet al.



1988). However, comparative datasets from forgegygrowing in many prevalent
tropical climates are lacking and the differencemethods and data analysis often
make comparisons uncertain. These are serioustionts because reliable site-
specific studies are necessary for large scalmastn of biomass and C

sequestration.

2. How long do tropical secondary forests growing glardiversity of climatic
conditions require to accumulate aboveground bismaasl sequester C pools

similar to those found in primary forests?

It is important to establish how long it takes $econdary forests accumulate biomass
and sequester C pools equivalent to that in prirf@ests to properly assess
restoration goals. Current estimates of the tingeired by secondary forests to
accumulate biomass similar to that measured ingyrforests range from 45 to

~ 200 years depending on the inherent site fertlitgt the intensity of previous land
use history (Molina Colén & Lugo 2000, Saldarriagal. 1988, Uhlet al. 1988).
However, given the diversity of biotic conditioreuhd in the tropics, research is also
needed to further clarify the degree to which theses may be modified through

future climatic variation.

3. What is the role of secondary forest soils in thguestration of atmospheric C?



Tropical soils contain as much as 474 Pg of C,086 &f total global soil C storage
(Jobbagy & Jackson 2000). Increased soil C pooseesndary forests age have been
documented in a few studies (Brown & Lugo 1990v&ikt al. 2000). However, data
from Hughest al. (1999), de Koning (2003), and Schedlbauer and Kagia (2008)
showed few changes in soil C pools through secomslazcession following
agricultural abandonment. In a recent review, Gu@iord (2002) documented
changes in soil C ranging from ~ —40 to 5% aftenveosion of pasture to secondary
forest. Clearly, more research is needed to furttegify the role of secondary forest
soils in the sequestration of C, especially whemsatered as part of the land-use

continuum commonly found in tropical landscapes.

4. At the ecosystem level, what is the potential opical secondary forests to

sequester C?

Aboveground and soil C pools in tropical secondargsts have been previously
quantified (Fearnside & Guimaraes 1996, Feldpaesah 2004, Saldarriaget al.

1988). However, simultaneous assessments of tobalystem C storage and change of
that storage over time are extremely limited (C20k4, Hughest al. 1999, Sierrast

al 2007, Vargast al. 2008). Moreover, an explicit assessment of theystem-level
potential (above ground and soil C pools) of seappébrests to sequester C over

time across a broad tropical climatic gradier {Tropical Dry to Tropical Wet and

Montane forests) has yet to be undertaken.



5. Given ongoing climate change, can secondary foeesfgester enough C to offset

losses from primary forests?

Ongoing warming and drying climate can potentialkgr forest dynamics and result
in large losses of C from primary forests into #tosphere (Clark 2004). Secondary
forests have been shown to sequester large amolucasbon (Silveet al. 2002) and
could offset these losses. However, because ofgomguclimate, secondary forests
may no longer have the capacity to accumulate Iistorical levels (Chazdoet al.
2007, Feldpauscét al. 2007, Harrist al. 2006). It is thus necessary to determine the
extent to which secondary forests growing in aetgrof tropical climates will

maintain their potential to act as carbon sinks @fifgkt carbon losses from primary

forest degradation due to climate change.

This study was designed to address these questyofiy quantifying the amount and
structure of TAGB, TAGC, and total ecosystem Cgltabove- and below ground C
pools to 1 m depth) in secondary forest chronosacpsein six life zones of Costa
Rica, (2) describing the patterns of biomass acdation and C sequestration of
secondary forests and calculating the time requoethem to reach levels of biomass
and C similar to those found in primary forests] &) determining the potential C
balance in forested tropical landscapes of Costa By predicting the amount of C

that would be emitted by primary forests and seigued by secondary forests under



ongoing climate change into the year 2100. If thegectives are satisfied, this will

be the first study to provide baseline data on ghann aboveground biomass
accumulation (Chapter 2), and ecosystem-level Qesstcption (Chapter 3) for
secondary forests growing in a diversity of tropcanates. In addition, this study

will test the notion that secondary forests hawepbtential to offset landscape-scale C

losses from primary forests even under changimgatic conditions (Chapter 4).
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CHAPTER 2

TOTAL ABOVEGROUND BIOMASS ACCUMULATION OF SECONDARY
FORESTS GROWING ALONG A BIOCLIMATIC GRADIENT IN COBA RICA
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Abstract

Knowledge of biomass accumulation rates is necgssarnderstand the potential role
of tropical forest ecosystems in mitigating globlahnge. Tropical secondary forests
are rapidly becoming an abundant land cover in ntapical regions as agricultural
lands are abandoned. As a result, secondary farestglay an important role in
attempts to mitigate climate change through thation of C in tropical forest carbon
management. We measured total aboveground biomA&zR) of 54 secondary
forests growing along a bioclimatic gradient encasging six life zones of Costa
Rica from Tropical Dry to Premontane Rain forebtaximum rates of TAGB
accumulation ranged from 5.7 Mg-hgr™ in the Dry life zone to 11.4 Mg-Hayr' in
the Wet life zone. In less than 60 yr, Premontaam Rnd Wet life zone forests
accumulated TAGB between 250 to 300 Mg-Haecondary forests in the Moist and
Premontane Wet Transition to Basal life zones actated up to 200 Mg-Hain 27

yr, while secondary forests in the Dry life zonewulated only 160 Mg-Han 82

yr. Based on a non-linear growth function we presticsecondary forests attair®0%
of TAGB in primary forests within 35 years in theyDife zone and 124 years in the
Wet life zone. TAGB was accurately predicted bydbasea of stems 10 cm dbh,
suggesting a simplified relationship may be useekstonate TAGB from existing data
inlieu of intensive field inventories. In the contextamheliorating global climate
change, regenerating secondary forests in the ptiwduvet life zones would yield

greater benefits per unit area because of largenpal biomass pools and greater
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initial rates of sequestration. However, climatarade is likely to result in different
future rates of sequestration than in this studi/thereby require reevaluation of

growth potential.

Introduction

Secondary forests are increasingly important coraptsnof tropical landscapes.
Emrichet al. (2000) estimated secondary forests represent 3%#btoopical forests
in the world and this number has no doubt increased the last decade. In tropical
America, secondary forests now cover at least 3lllbmhectares, exceeding the area
covered by primary forests in some countries (FA0% Houghtoret al. 2000). In
Costa Rica, for example, 180 000 hectares are at&drio be under primary forest
cover, while secondary forests cover 425 000 hatiB@01). Likewise, in Puerto
Rico, the area of “new forests” is also much gnetiten the area in primary forests
(Lugo & Helmer 2004). Because of their fast grovates (Ewel 1971, Guariguata &
Ostertag 2001, Silvest al. 2000) and increasing area, secondary forests prouahy
valuable ecosystem services. They improve degradig] conserve biodiversity,
improve water quality, and provide wood and nonb@mforest products. In addition,
they have the potential to accumulate biomass agdester C from the atmosphere
(Aide et al. 2000, Chazdon & Coe, 1999, Finegan 1992, Letgih. 2004, Maasst al.

2005, Saldarriaget al. 1988, Silveret al. 2000, Wright & Mueller-Landau 2006).
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Traditionally, research on secondary forests hasded on quantifying recovery of
floristic and structural characteristics (Aideal 1995, Denslow 2000, Finegan 1996,
Liebermanet al. 1996, Purata 1986), biomass (Ahetsl. 1997, Hughest al. 2000,
Saldarriagaet al. 1988, Uhlet al. 1988), and C pools (Fearnside & Guimaraes 1996,
Hugheset al. 1999, Johnsost al. 2001) in Tropical Moist and Tropical Wet
secondary forests. Recently, research has expdaadeclude Tropical Dry (Jaramillo
et al. 2003, Kalacskat al. 2005, Romero-Duquet al. 2007, Vargast al. 2008) and
Montane forests (Fehstal. 2002, Howorth & Pendry 2006, Nadkastial. 2004).
Despite efforts expended to document variationrawgh patterns of tropical
secondary forests (Aidat al. 1995, Campo & Vasquez-Yanes 2004, Fearnside &
Guimaréaes 1996, Hughesal. 1999, Saldarriaget al. 1988, Uhlet al. 1988), data are

lacking to contrast secondary forests growing umifégrent climates.

A comprehensive assessment of the rates of bioatassnulation across broad
tropical climatic gradients.g., from lowland Tropical Dry to Montane Rain forests
clearly needed. Here we report research that pesvédbaseline to quantify the
accumulation of TAGB biomass pools by secondargdts growing across such a
gradient. Our objectives were: (1) to quantify fiee and patterns of accumulation of
total aboveground biomass pools in secondary ®igsiwing in six life zones in
Costa Rica, (2) to determine the time requiredsémondary forests to match biomass

pools in primary forests, and (3) to develop eqratiusing a commonly available
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forest inventory variable, basal area, to preditaltaboveground biomass and
simplify the estimation of TAGB. Our underlying assption was that, given enough
time, secondary forests will achieve a total abovegd biomass comparable to that
measured in primary forests. In addition, we expathe rates, as well as the
maximum amount of biomass accumulated would bednighenvironments with

increased precipitation.

Methods

Sudy Area

This study was conducted in secondary forestsxdifsizones located throughout
Costa Rica, Central America. Costa Rica is an idealy area because, within its
relatively small territory (51 000 kmBolafios and Watson 1993), it contains broad
gradients of temperature and rainfall, as welbaliuses and soil types that
encompass much of the conditions found elsewhettgeilNeotropics. Costa Rica was
once almost 100% forested (Keogh 1984). Howevéwdzen the 1960s and late
1970s, high production of cattle for beef exportsnpoted extensive deforestation in
the country (Arroyo-Morat al. 2005). Most of the primary forest clearing occdrire
the Tropical Dry and Moist life zones of Costa Rmath deforestation rates reaching

up to 10%:yi prior to 1977 (Sader & Joyce 1988). By 1989, 4§% msta Rica had
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been converted from forest to pasture (Arroyo-Mairal. 2005). However, declining
beef prices and increasing public awareness oé¢bgical impacts of deforestation
led to the abandonment of pastures and the estai#ist of a national system of
protected areas, which now covers 25% of the cgyKieinn et al. 2002). It is
estimated that 48% of Costa Rica is now under fa@ger, much of which may be
secondary forests (Kleiret al. 2005, Vicente Watson, unpublished data). Secondary
forest growth throughout the country offers manpaqgunities for promoting biomass

accumulation and C sequestration.

Site Selection

The Holdridge Life Zone System (Holdridge 1967) wiasd as the basis for
partitioning forest types along environmental geads. The six life zones in which
secondary forests were sampled included Tropicglf@nest, Tropical Moist forest,
Premontane Wet Transition to Basal forest (Atlaahd Pacific rainfall regimes),
Tropical Wet forest, and Premontane Rain foregjyfé 2.1). For the purpose of this
research, we refer to these life zones as Dry, tylBremontane Wet - Pacific,
Premontane Wet - Atlantic, Wet, and Premontane ,Raspectively. Also, we refer to
the first three life zones as “Drier” because @& ttcurrence of a distinct dry season
(when mean monthly rainfall is < 100 mm) and thend@nce or co-dominance of
deciduous tree species in the canopy. We termetnaining life zones as “Wetter”

because precipitation occurs throughout the yedreaargreen tree species dominate
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the forest. Collectively, these life zones covarragimately 55% of the country
(Table 2.1) and form a bioclimatic gradient fromrmaand dry to cool and wet

forests.

Chronosequences spanning the age range of secdndssis within a life zone were
sampled. We separated the Premontane Wet TransitiBasal life zone into Atlantic
and Pacific regions and sampled one chronosequeraxh (Table 2.2). Although
both regions have the same life zone classificgttwidridge 1967), the Pacific
region of Costa Rica has a distinct dry seasengverage monthly precipitation
<100 mm for> 3 months), which places limitations on plant giowahd results in
contrasting forest physiognomies when compareddémBntane Wet - Atlantic

forests (Holdridgest al. 1971).

Secondary forests in each life zone were selegtex/érlaying the 1:200 000 Life
Zone System Map for Costa Rica (Bolafios and Wat9@3) with the 1992 Land Use
Map (MAG 1992) in a GIS. We sampled 54 secondargdis in the six selected life
zones (Table 2.2). Once sites were located, wevietged local residents to obtain
information on the range of secondary forest ageslife zone. The range of
secondary forest ages was not equal among lifeszoeeause of differences in
patterns of land use and abandonment across CmstaH®r example, secondary
forest age ranged from 6 to 82 yr in the tropicat forest, and between 8 months to

35 years in the tropical Wet forest life zones (€&h2).
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The pool of potential secondary forest sites atéaléor sampling was further
narrowed by having to meet three criteria. Firaty®ites previously used as pastures,
were chosen. Second, logged secondary forestsneémnsidered. Finally, patches

of secondary forests had to b4..5 times larger than our plot size (0.25 ha).

Table 2.1. Life Zones selected for this study, laceser in Costa Rica (ha), percent of
the total area of Costa Rica that they cover, rarigecondary forest ages (years), and
number of plots sampled. Total area of Costa Rica51015 krh Data from Bolafios

& Watson (1993).

Area Percentof Age Sample

Life Zone (km?) Costa range  size
Rica (years)

Dry forest 1056.08 2.07 0-82 10

Tropical Moist forest 6954.91 13.63 0-40 10

Tropical Premontane Wet
forest, Transition to Basal 7440.59 14.59 0-22 13

Tropical Wet forest 8462.84 16.59 0-60 11
Premontane Rain forest 4380.06 8.59 0-50 10
Total 31755.79 55.47 54

We recognize sampling 5 — 10 secondary forest pgesife zone is a small number to
predict rates of biomass accumulation. We alsogeize that there are inherent
limitations to the chronosequence approach in cetgasubstituting spatial differences
in stand age for measurements taken over timeginea location (Dewalét al. 2000,
Schedlbauer & Kavanagh 2008. Data from this stadyertheless, should provide
reasonable initial estimates of the patterns afnlaiss accumulation in different life

Zones.
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Secondary forest areas

sampled, Costa Rica

Life Zones

|| Tropical Moist

Premontane Wet Transition to Basal
Tropical Wet

|| Premontane Rain

[ | Tropical Dry

|| Other

Map by Miguel Cifuentes 50 0 50
GIS data from Bolafios & Watson (1993)

Figure 2.1. Location of secondary forest study sireaix life zones of Costa Rica.
Stars represent general sampling areas where ssgoiodests of different ages were
sampled. Open stars represent the separation &frémontane Wet Transition to
Basal life zone into Pacific and Atlantic regiorechuse of physiognomic differences
between the forests.

Total Aboveground Biomass
To quantify TAGB, we used a component analysislaino that described by Hughes

et al. (1999). We sampled all aboveground forest compisriara 2500 f(50 x 50

m) nested plot (Figure 2.1). This plot size prodide adequate sampling area to
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characterize TAGB and successional trajectoriea(€# al. 2004, Hughest al.

1999, Saldarriaga 1998) and was compatible wittsthall size of secondary forest
patches present in Costa Rican landscapes. Ito#dl, phe diameters at breast height
(dbh, measured at 1.30 m height or 10 cm abovestmy irregularities) of all trees,
palms, and lianas 10 cm dbh rooted within the 50 x 50 m plots weesasured. In
addition, the mass of dead trees and palms waslatdd from measurements of both
dbh and height of each snag; the latter obtainéld avclinometer. The diameter and
height of all stumps were also measured insidertaia plot. The species, growth
form (e.g. tree, lianal/vine, palm, snag), and whether ther st@s dead or alive, were
also recorded. Samples from plants not identiftesigecies in the field were taken to
the Tropical Science Center (TSC) or the Institdéxional de Biodiversidad (InBio)
for identification by taxonomists. We used speciasies and live/dead status to

assign the appropriate wood specific gravity datdbfomass calculations (Table 2.3).
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Table 2.2. Location and physical characteristicsemfondary forest study sites in six
life zones of Costa Rica.

Age Latitute Longitute Slope Elevatior Temperatur Precipitatior Soil type

Life Zone Plot nam: (yrs) (dec (dec (%) (m) (°C) (mm)
Tropical Dry Pitahayi 9 10.873: -85.578( 2 243 26.2 161% Entiso
Bebeder 1C 10.888: -85.600( 4 28C 25.¢ 1612 Entiso
Pocosc 1C 10.888¢ -85.600: 3 27¢ 25.¢ 1612 Entiso
Mal Usc 14 10.847( -85.614. 5 307 25.¢ 153( Entiso
Casite 1€ 10.875° -85.585. 1C 30C 25.¢ 159¢ Entiso
Deep Throe 1€ 10.826¢ -85.613: 1E 28¢ 25.¢ 1512 Entiso
Firebreak 17 10.870! -85.594( 2 14€ 26.€ 157¢ Entiso
Princip¢ 22 10.853. -85.608. 2 273 26.C 1562 Entiso
Naranijc 2€ 10.799. -85.648! 1 23 27.¢€ 163( Entiso
Buen Us 27 10.839: -85.615. 1€ 321 25.7 155¢€ Entiso
El Pozc 82 10.837! -85.614" 1E 34C 25.€ 155¢€ Entiso
Tropical Mois Downey 0.42 9.858¢ -84.524: 3t 12C 27.2 270C Alfisol
Valle Azul 7  9.7797 -84.955. 6C 37 27.7 220¢ Alfisol
Caballo 7 9.844¢ -84.528. 1C 132 27.1 290C Alfisol
Divino 9 9.787¢ -84.939. 632 43 27.7 220¢ Alfisol
Iguan: 13 9.845! -84.529. 2C 16C 26.¢ 290C Alfisol
Queser 1€ 9.801¢ -84.905: 12 30 27.7 204z Alfisol
Dubye 2C 9.8397 -84.547{ 14 16€ 26.¢ 292t Alfisol
El Tanqut 28 9.790¢ -84.924. 6E 43 27.7 209z Alfisol
Santa Teres 3C 9.785! -84.949¢{ 5C 51 27.¢€ 230¢ Alfisol
Chonct 4C 9.840: -84.540: 2C 53 27.¢€ 290C Alfisol
Tropical Yucal 2 9.772% -84.618! 2C 244 26.4 300C¢ Ultisol
Premontane Wet,Chupader 6 9.776. -84.618( 3C 45 27.€ 300C Ultisol
Transition to Lapa: 1C  9.779. -84.605¢ 3C 46 27.€ 350C Inceptiso
Basal, Pacific Hotel 15 9.760: -84.614! 17 38 27.7 295( Ultisol
Lucianc 22 9.771¢ -84.614( 3C 101 27.2 310¢ Ultisol
Tropical Canc 3 10.421: -84.161¢ 27 224 24.% 390C  Inceptiso
Premontane Wet, SAT 90C 6 10.431! -84.020! 1C 74 25.2 389z Inceptiso
Transition to Con Permis 1C 10.455¢ -84.176: 1t 141 24.¢ 380C Inceptiso
Basal, Atlantic ~ SAT 100( 15 10.431¢ -84.021¢ 2 76 25.1 389z Inceptiso
Pac 21 10.431( -84.015 8 65 25.2 389z Inceptiso
Cascad 2€ 10.394( -83.986¢ 4t 92 25.1 390C Inceptiso
Séabal 27 10.416' -84.002¢ 3C 74 25.2 389z Inceptiso
SHO 75( 32 10.417( -84.003( 2 70 25.2 389z Inceptiso
Tropical We Terciopel 0.7 10.427( -84.095( 2€ 14C 24.¢ 3942 Ultisol
TUVA 1 8.405: -83.339¢ 2 46 27.2 425(C Ultisol
Culebre 3 10.424¢ -84.096! 4C 15€ 247 394z Ultisol
La Huerte 6.5 8.408¢ -83.336. 1z 68 27.1 430C¢ Ultisol
Don Jual 9 10.455: -84.066! 24 143 24.¢ 3967 Ultisol
Tirimbina 18 10.402! -84.112! 3t 261 24.1 4017 Ultisol
Pirc 2C 8.405! -83.340¢ 4 15 27.4 420¢ Ultisol
Pumilic 2E 10.506( -84.056. 2 79 25.1 4017 Inceptiso
4 Rios 28 10.388¢ -84.132" 3C 248 24.2 3967 Inceptiso
Caliente 3E  8.405! -83.337. 4 74 27.C 430C Ultisol

Palma Re: 6C 8.396. -83.337: 2C 10 27.4 420( Inceptiso
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Table 2.2. (Continued)

Age Latitute Longitute Slope Elevatior Temperatur Precipitatior Soil type

Life Zone Plot nam (yrs) (dec (dec (%) (m) (°C) (mm)

Premontane Ra Volcar 0.5 10.281. -84.148! 4Q 937 20.4 504z Ultisol
Virgen Mari¢ 1C 10.282: -84.150: 30 99z 20.1 500z Entiso
Alemar 15 10.301¢ -84.740¢ 30 962 21.€ 580( Andisol
Cornelic 1¢ 10.297( -84.751' 20 1044 21.1 550( Andisol
Milpa 2C 10.286! -84.176. 25 937 20.4 500z Entiso
Dos Ase 2C 10.297' -84.762. 27 115(C 20.4 540C Andisol
Cambroner 3C 10.298¢ -84.766' 25 120 20.1 530( Andisol
Hondure 35 10.284: -84.175 15 862 20.¢ 500z Entiso
Varga: 4C 10.298. -84.768: 18 122( 20.C 530C Andisol
Kraven S.A  5C 10.265. -84.156! 25 1047 19.¢ 4902 Ultisol

Notes: Age refers to the number of years sincecalyjural practices stopped in the
sampled areas. Slope was taken along the aspt site. Temperature and
precipitation are mean annual values interpolatesh inearest meteorological station
data (Castro 1992). Soil type was obtained fromguag Morera (2003). Latitude,
longitude and elevation are from GPS readings takesite.

We measured the diameter of all trees < 10 cm ddhaller than 1.30 m inside

1 x 15 m subplots at each sampled site. These smalsubplots were located on the
periphery of the main plot and randomly oriented &per plot, Figure 2.2). Live
stems < 1.30 m in height (saplings) were considpegtiof the surface layer and
collected in 0.5 x 0.5 m microplots adjacent tohesimall tree subplot and located 2 m
away from the subplot’s origin (n= 8 per plot). \ABdso collected dead saplings,
seedlings, and all downed material (litter) founside this microplot (Figure 2.2).
Litter consisted of leaves, bark fragments, sekolsers, fruits, and small woody
stems< 2.54 cm in diameter. Downed wodde(dead wood material with diameter >
2.54 cm) was measured along two 15 m, randomIyntaig transects located at 8

points in the periphery of the plot (h= 16, Fig@r&) using the planar intersect

technique (Brown & Roussopoulos 1974, Van WagnéB8l9/Ve did not quantify
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biomass of epiphytes because they represent 0.1 T%®@B in secondary forests

(Nadkarniet al. 2004)

Dry mass of each ecosystem component was calculatedg a combination of life
zone-specific allometric equations developed spetdiy for each biomass component
(Table 2.3). Litter biomass was determined direfsthyn oven-dried field samples. All
plant samples were oven-dried to constant mass &€ &nd then weighed. Species-
specific wood density (Sg) values (Chichignatidl. 1990; Chudnoff 1984; Fearnside
1997; Malavassi 1992; Mueller-Landau unpublishetdloizse; Wiemann and
Williamson 1989; Wiemann and Williamson 1989a, Bnostval. 1989) were used to
determine tree biomass (Table 2.3). Whenever spsgiecific Sg values were not
available, we used the average Sg for its genusgooe rarely, its family. When that
was not possible, we used an average value off3&#8’ (Hugheset al. 1999).
Biomass of downed wood was calculated using thegplantersect technique, after
correcting for slope (Van Wagner 1968; Brown andisdmpoulous 1974). Life zone-
specific downed wood density values were determbned companion study
(Kauffman, J. B. unpublished data). Total aboveghbiomass was obtained by

adding biomass values of all aboveground ecosystenponents.
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50 m
\@;

Figure 2.2. Plot layout to quantify total abovegrdibiomass (TAGB, Mg-f in
secondary forests of six life zones in Costa Ridat limits are shown in dotted lines.
Although only a pair of random-direction downed wdcansects (solid lines) and
small tree subplots (dbh < 10 cm, open rectangke)epresented here, a similar pair
originated at all locations marked with open cisq{e= 16 downed wood transects and
n= 8 small tree subplots). A forest floor micropffiled square) was associated with
each small tree subplot and located 2 from tharoaogthe small tree subplot (n= 8).



Table 2.3. Equations to determine aboveground kesnmatropical secondary forests. All biomass valale expressed as dry

mass (Mg-had).

Component Equation R Life Zone Source

Tree height 8.5513*In(D)-13.384 0.61 Tdf Kauffma.dunpublished data

Tree height 9.8279*In(D)-11.775 0.74 Tmf Kauffma.dunpublished data

Tree height 13.185*In(D)-20.407 0.76 Twf KauffmarB.Junpublished data

Tree height 10.601*In(D)-13.493 0.76 Pwf Kauffmam.inpublished data

Tree height 12.032*In(D)-16.612 0.63 Rf Kauffman,.uBpublished data

Trees > 10 cm dbh (0.112%((Sg*{PH) °*%6))*10° na Tdf Chavet al. (2005)

Trees > 10 cm dbh (0.0509*(Sg*(D)*H))*10 na Tmf, Pwf-P Chavet al. (2005)

Trees > 10 cm dbh (0.0776*((Sg*(D)*H) **9)*107 na Twf, Pwf-A, Prf  Chavet al. (2005)

Cecropia > 10 cm dbh (wood) exp(-3.78+0.95*Irf)B1.00*In(H))*10™ 0.88 All Uhlet al. (1988)

Cecropia > 10 cm dbh (leaf) (-0.56+0.02¢3-0.04*H)*10™ 0.98 Al Uhlet al. (1988)

Standing dead stems > 10 cm dbh 1i((D/2)?)*H*0.42 none  All Hughest al. (1999)

Trees < 10 cm dbh (exp(4.9375+1.0583*IANPFCF*10™° 0.93 Al Hugheset al. (1999)

Dead trees < 10 cm dbh (exp(4.6014+1.1204 ) BCF*10°° 0.95 All Hughest al. (1999)

Palms < 10 cm dbh ((exp(0.9285*IrfiB5.7236)*1.05)*1F 0.39 Al Cummingst al. (2002)

Palms > 10 cm dbh (7.7%(H)+4.5)*T0 0.90 All Frangi & Lugo (1985)

Stemless palm fronds exp(2.499762+(0.159766*D)f*10 0.91 Tmf, Twf This study

Lianas 161470 910q B+ o3 0.82  Pwf, Rf Putz (1983)

Lianas exp(0.07+2.17*In(D))*1® 0.95 Tdf, Tmf Gerwin & Farias (2000)

Downed wood > 2.45 cm diameter Sg(?*X(D*)*Cs)/8L)*10° - All Van Wagner (1968), Brown &
Roussopoulos (1974)

Heliconia leaf 1(0-84237+(1.16617(loggHRMx1 1028*10° - Al Ewel, J.J. unpublished data

Heliconia stem 1 §1-12141+(1.34261(ogH R 1 1496*10° - Al Ewel, J.J. unpublished data

Heliconia fruit 1 0-03164+(066521(log(H'RIM)+q 37031*10° - Al Ewel, J.J. unpublished data

Litter Oven dry mass - All Hughess al. (1999)

Notes: BA= basal area (cfji Cs= slope correction factor, square root of $4lope/100y; D= diameter at breast height (clhXD?)=
sum of (downed wood diameter$ynt); H= height (m); L= transect length (cm); N= numbépieces of downed wood intersected per
transect; R= number of resprouts; Sg= specificity@f wood (g-crit); Tdf= Tropical Dry forest; Tmf= Tropical Moist fest; Twf=
Tropical Wet forest; Pwf-P: Premontane Wet Traasitio Basal forest; Pacific, Pwf-A: Premontane Winsition to Basal forest,
Atlantic; Prf= Premontane Rain forebteliconia biomass calculated as the sunHeficonia leaf, stem, and fruit biomass.

T4
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Satistical Analyses and Data Processing

We used the NLIN procedure in SAS 9.1.3 (SAS lastiR000) to fit the Chapman-
Richards function (Richards 1959, Sit & Poulin-@&ist 1994) to the TAGB data.
This allowed us to determine the rates and pati@ri®\GB accumulation in
secondary forests. We removed remnant standing &mee downed wood from our
database prior to fitting the Chapman-Richardstionc This prevented a
confounding effect of remnant material on the simd accumulation patterns of
TAGB pools. Excluding atypical sites > 20 yr in tkeist life zone improved the
model fit considerably for that life zone. We useéthods described by Olson (1963)
and the parameter estimates from the fitted Chagrieimards function to predict the
age at which secondary forests reach TAGB levalsvatgnt to those in primary
forests £ 90% TAGB). Mean annual increment (MAI) was caltethas the average
of accumulated growth divided by age since pasitbenxdonment. Sites abandoned
<1 yr were excluded from the analysis of MAI ratEse maximum MAI rates were

calculated as the intercept of the regression cofWAl vs. stand age.

The Chapman-Richards function has been successfggly to fit similar data from
secondary forests of México and Brazil (Hugkieal. 1999, Neeff 2005, Vargas al.
2008) and can accurately represent the cumulatmeth pattern common in forested
systems (Peng 1999, Colbettal. 2002). This function estimates the aboveground

biomass pools at timeas a sigmoid function that culminates at the maxmtotal
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aboveground biomass recorded for a life zong{Bneasured in old-growth forests).
The function includes a biological accumulatiorerabnstant and an empirically-

derived curvature parameter. The Chapman-Richartsibn can be expressed as:

Bi= Bmaf1l-exp(-h*t)]°2 + ¢ where:

Bt is the total aboveground biomass for secondasstsr(Mg-ha) at time t
(years).

Bmax IS the asymptote of the curves. the maximum aboveground biomass
(Mg-ha') fixed by forests in a life zone.

b, Is the shape parameter of the cune the rate at which aboveground biomass
approaches its maximum possible valug B which is related to the
biological decay rate constant l; » 0.

b, is the inflection parameter of the curve, the “lag” commonly observed in
early stages of secondary forest growtt® B. When b= 1 this function is
equivalent to the natural growth function (Sit &U#n-Costello 1994).

t is the age of a secondary forest (years sincewtrral abandonment).

€ is the random error that adds variability to thére of B, e ~ N(0g?) and is
independent from other error terms in the model.

We assumed R to be the average TAGB of primary forests measprediously in
the same life zone (Kauffman & Hughes, in prep.g W¢ed TAGB of Moist primary
forests as reference for secondary forest TAGB mctation in the Premontane Wet -
Pacific life zone because of the similar physioggdratween primary forests in both
life zones and the lack of TAGB data for Premontéredt - Pacific primary forests.
Data collected for pastures by a companion studlysd, unpublished data) served as
minimum values for TAGB. We used the Marquardtatee method to fit the
Chapman-Richards function because of potential bagkelation between the

function’s parameter estimates (Schabenberger &&2001). In addition, we used a

range of initial values to ensure the solutionrfmdel parameters was global rather
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than a local least-squares minimum. These iniaéu&s were based on published
estimates of decomposition rate constakt¥\aring & Running 1998) and personal
communications with other researchers (Mark Har@aaoh Flint Hughes personal
communication). The default non-linear least-sgsi@anethod was used because
weighted regression did not produce improvemenisaodel fit. We determined
goodness of fit by calculating a “Pseud8-Bs described by Schabenberger & Pierce

(2001).

To test the null hypothesis of no difference indion fits among life zones we used
indicator variables and extra sums of squares (Beslg2001). The appropriate test
for the above hypothesis is an F-test (Neted. 1996, Schabenberger & Pierce 2001),
where:

_SSE, - S, | S,
df —df,  df,

*

with SSE= sum of squares of the error for fylahd reduced) models, df= n-
number of parameters in reduced model, and dinumber of parameters in full
model. The null hypothesis is rejected when F*ox &, df;. Significant differences
(a=0.05) among life zones would support the integiren that distinct biomass
accumulation rates exist and as well as differencesaximum biomass pools
between life zones. We used the overlap between@bs#tdence intervals to assess
differences between parameter estimates from diftdife zones. We assumed

secondary forests characteristics were equivatetitdse of primary forests when the
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variables measured wex€90% of the corresponding values measured in pyimar

forests (Hughest al. 1999).

We tested the effect of assigning varying hypotia¢tages to primary forests on our
estimates of the time required by secondary foteséecumulate 90% of the TAGB
measured in primary forests. We assigned primam®ste ages of 100, 200, 300, and
500 yr and fitted the Chapman-Richards using tldsenative values. Parameter
estimates for the Chapman-Richards function siaalwhen primary forest age was
> 200 yr. When primary forest age was 100 yr, thampeter estimates for the
Chapman-Richards function were equal t& &% smaller than those obtained when
assuming primary forest age wa200 yr. We deemed this a small difference, given
the potential errors associated with the quantificeof TAGB (Chaveet al. 2004),
recent information on the successional status atehgial age of primary forests
(Clark 2007), and estimates of TAGB recovery elsawhn the tropics (Ferreira &
Prance 1999, Hughesal. 1999, Read & Lawrance 2003, Saldarriagyal. 1988,
Vargaset al. 2008). We thus used 200 yr as a nominal primamgstoage when fitting

the Chapman-Richards function to our dataset.

We used ANOVA and the MIXED procedure in SAS 9.(53S Institute 2000) to
evaluate the significance of changes in the siz@ahass pools with age, and to
compare these between life zones. Variables watgaldog-transformed and pooled

into age categories when necessary to meet ANO¥Amptions (Read & Lawrance
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2003). Pooling data by age categories providessoreble way of comparing change
in ecosystem properties with time (Feldpaugcll. 2004). Least squares mean
estimates and pair-wise differences between thera vadculated using the
LSMEANS routine in SAS 9.1.3 (SAS Institute 2000)e used the Tukey-Kramer
method (SAS Institute 2000) to adjust the signrimafor multiple pair-wise

comparisons.

To explore the relationship between environmerdaiables with B.xand TAGB we
used correlation analyses. We calculated Pearsoelaton coefficients between
Bmax TAGB in secondary forests, temperature, predipita elevation, the ratio of
potential evapotranspiration to precipitation (“PEafio”, as described by Holdridge
1967), and secondary forest age. We used lineagsgign to test the relationship
between TAGB and basal area of trees, lianas, almdsp Finding a strong linear
relationship between TAGB and basal area wouldigeoa simplified approach to
quantifying TAGB in tropical forests growing on avelrsity of climates without the
need of performing detailed, time consuming, angeesive inventories such as the

one presented here.
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Results

Total Aboveground Biomass

There was a 25-fold difference in total abovegrobmminass (TAGB) among the
sampled secondary forests. TAGB in secondary ferestged from 12 Mg-Han a 9
yr Dry forest to 298 Mg-Hain a 60 yr Wet forest (Table 2.4). As expected GBA
increased as secondary forests aged (p < 0.000Mvas significantly different
among life zones (p= 0.0141). At similar ages, Diife zones had lower TAGB than
Wetter ones. TAGB in Dry secondary forests, forregke, ranged between 12
Mg-ha' in a 9 yr forest to 152 Mg-Han a 27 yr forest. The latter represented 97% of
the TAGB measured in Dry primary forests of the sdifie zone (Kauffman &
Hughes in prep.) and demonstrates that Dry secgrideests sequestered biomass
close to their maximum TAGB potentialg TAGB values measured in primary
forests) in a relatively short time. In contrase measured TAGB of 84 Mg-fan a 9
yr Wet secondary forest, 246 Mg-him a 27 yr forest, and 298 Mg-hi a 60 yr
forest (Table 2.4). The latter represented 67%effRAGB measured in primary
forests in the Wet life zone (Kauffman & Hughegnep.) and suggests secondary
forests in the Wet life zone may require more ttivan those in the Dry life zone to

reach TAGB comparable to that of primary forests.



Table 2.4. Total aboveground biomass (TAGB, Mg)hmartitioned by forest component in secondarystref six

life zones in Costa Rica.

Age  Wood Surface Herba- Trees (dbh, cm) Total

Life Zone Site (yrs) debris layer Palms Lianas ceous <10 10-30 30-50 >50 deadiGB

Tropical Dry Pitahaya 9 0000 95+17 0.0 0.1 00x0.0 =253 0.1 00 00 0.0 122
Bebedero 10 05+03 95+19 0.0 17 00+00 169+50 1410 .0 0.7 428
Pocosol 10 0.0+00 133+25 0.0 01 00+00 96+65 101 OO 0.0 331
Mal Uso 14 16+07 122+23 0.0 29 00+00 164+40 1780 000 21 514
Deep Throat 16 04 +0.2 123 +24 0.0 6.7 00+00 136+4.4.83115 00 13 67.2
Firebreaks 17 03+02 77+13 0.0 00 00+00 6629 690 00.0 03 215
Principe 22 0402 149+13 0.0 14 00+00 226+7.0 487.0 100 05 89.1
Naranjo 26 11.7+35 122+34 0.0 32 00+£00 92+18 352.6510.0 139 1254
Buen Uso 27 6.8+19 175+51 0.0 76 00+£00 171 +21 79.26200 7.3 1517
El Pozo 82 84+31 98+14 00 101 00+00 53+10 39213865 87 158.7

Tropical Moist  Downey 042 84+34 96+12 05 02 00+0@0%+10 107 00 00 84 314
Valle Azul 7 05+02 6.8+05 05 41 07+04 62123 99 200 16 319
Caballos 7 25+06 7.8%+08 0.1 17 00+00 120+35 416 480 26 70.1
Divino 9 1604 54+09 00 127 00+00 169+44 331 000021 70.2
Iguana 13 15+05 83+08 47 73 01+01 106+46 636 000 01.7 96.3
Quesera 16 42+09 84+06 0.0 52 00+00 16.0+43 761 210 9.1 116.9
Dubya 20 2007 11619 95 51 00+00 5421 470 0.00 032 817
El Tanque 28 45109 74+16 00 123 01+01 7.8+20 752.0 200 5.1 109.9
Santa Teresa 30 36+08 7.3+08 0.7 09 08+03 14+0565393 00 57 796
Chonco 40 34+09 77+10 1.6 51 00+00 4615 612 640 035 90.2

4



Table 2.4. (Continued)
Age  Wood Surface Herba- Trees (dbh, cm) Total
Life Zone Site (yrs) debris layer Palms Lianas ceous <10 10-30 30-50 >50 deadiGB
Premontane Wet,\Yucal 2 17+16 46+09 0.0 1.0 00+0.0 121+20 1.4 00 0.0.2 2213
Transition to Chupadero 6 22+10 59%x10 0.2 40 0000 8420 9.4 000 038 318
Basal, Pacific  Lapas 10 06+02 34103 0.0 03 01+01 52+14 218 00 008 316
Hotel 15 18+06 82+19 0.0 22 50+35 45+17 601 2690 0.21 108.9
Luciano 22 06+02 58+07 00 156 00+00 169+37 3930 000 09 785
Premontane WetCano 3 2709 77x09 00 12 00+00 86+4.6 31 00 00 31
Transition to SAT 900 6 20+09 58+11 0.0 42 03+03 155+41 144 000 021 423
Basal, Atlantic Con Permiso 10 23.0+80 6.1+12 0.3 25 00+00 153+21.73839 00 243 912
SAT 1000 15 108+23 4909 0.2 92 00+00 206+28 321181 00 114 90.3
Pao 21 261+47 64+15 34 84 00+£00 9724 489 27.261@7.2 141.7
Cascada 26 127+32 5005 43 43 00200 121+6.4 77.08 3®.0 12.8 154.3
Séabalo 27 26.7+75 5307 1.7 43 00+00 6.7+17 386 7480 269 2004
SHO 750 32 114+40 4604 0.0 18 00+0.0 104 +33 522.2485.7 12.8 155.7
Tropical Wet Terciopelo 0.7 08+05 157+1.6 0.0 01 00801205 0.0 00 00 09 179
TUVA 1 27+11 59+09 0.0 1.1 00+00 6.9=%12 1.0 00 0.0 3281
Culebra 3 63+21 138+18 00 103 0000 4619 7.2 000 06.3 422
La Huerta 6.5 165+37 6.2+09 0.0 03 06+02 69+18 47428 00 203 844
Don Juan 9 109+47 48109 1.0 22 00+£00 102+21 5510 0.0 11.0 843
Tirimbina 18 168+32 5005 0.2 108 00+00 114+36 269. 33 0.0 18.8 11838
Piro 20 41+08 45+0.7 0.0 09 03+01 109%22 31.0 7210 010.0 129.8
Pumilio 25 293+52 7310 20 44 00zx0.0 115+27 754 3 60.0 30.0 136.8
4 Rios 29 5608 6.1+08 5.1 32 00+£00 6.7+26 108.2 809.0 7.1 246.2
Caliente 36 121+34 84+11 11 29 00+00 6.2+23 61.1.1619.0 12.1 1721
Palma Real 60 56.0+27.0 49+0.7 1.3 3.2 00+£00 12.0+3.3.18/3.8 79.6 56.2 297.9

€€



Table 2.4. (Continued)

Age  Wood Surface Herba- Trees (dbh, cm) Total

Life Zone Site (yrs) debris layer Palms Lianas ceous <10 10-30 30-50 >50 deabiGB

Premontane Rain Volcan 05 31+17 3822 0.0 32 00+036=*14 34 00 00 31 171
Virgen Maria 10 57+19 4907 11 30 00+00 21.2+6.8 .843 00 00 6.4 805
Aleman 15 30+x14 5706 0.9 30 28+18 145+49 738 220 035 106.3
Cornelio 19 124+40 5306 3.6 30 31+16 142+3.0 112280 0.0 126 1824
Milpa 20 243+58 75+11 14 54 07+04 8431 573 3424 6249 146.0
Dos Ases 20 176 +4.0 85x14 5.2 29 00+£00 9.0%x21 484.0110.0 18.7 209.6
Cambronero 30 10.7x27 81+14 0.6 59 19+12 76+21 41223 00 124 199.9
Hondura 35 16.0+4.1 126+23 0.0 24 00+00 94+27 627.,5531.3 18.1 190.0
Vargas 40 99+25 7.1x03 26 19 28+19 95+41 624 142%8 10.0 252.6

Kraven SA. 50 37.2+96 69+13 38 101 1.0+ 1.0 151 +4.00.88 636 13.2 37.8 232.3
Notes: Mean + SE is provided for ecosystem compisrgub-sampled within each 50 x 50 m plot, notfamponents
that include whole plot measures. Surface laydudes litter and seedlings. Tree biomass is caieggby "diameter
at breast height" (dbh) classes (cm); dbh was medst 1.3 m height. Total dead includes wood debmall dead
stems dbh < 10 cm, and snags dbh > 10 cm. Totalriludes all other categories. Total abovegrduiathass
(TAGB) is the sum of all aboveground biomass congpis

re
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Partitioning of Total Aboveground Biomass Among&sirComponents

Live forest components such as trees, palms, anddi represented an average 91%
of TAGB in all life zones. The average proportidiTdGB in live components was
slightly higher (93 — 97%) in Drier forests thanWetter ones (86 — 90%), but the
difference was not significant (p= 0.2235). In gast, Wetter life zones had greater
amounts of aboveground dead biomass than Driezdifes (p < 0.0001, Table 2.4).
Across life zones, aboveground biomass of livedobcemponents was significantly
smaller in secondary forest20 yr than in secondary forests > 20 yr (p < 0100
contrast, biomass of dead forest components wakestiaa secondary forests20 yr
and increased with age (Table 2.4). In the Dry4idee, for example, total dead
biomass was 2 Mg-Han a 4 yr secondary forest and 7 Mg*tiaa 27 yr forest

(Table 2.4). Total dead biomass was more abundahei Wetter life zones. In the
Premontane Wet - Atlantic life zone, for examplé&bayr secondary forest had total
dead biomass of 11 Mg-hand a 27 yr forest had total dead biomass of 27kfg
(Table 2.4). Despite this difference dead biomagsasented ~ 13% of TAGB in both

sites.

In all life zones, trees represented an incregsiogortion of TAGB as secondary
forests aged. For example, trees ranged betwead 3126 of TAGB in Wet forests
0.7 to 29 yr (Table 2.4). Despite the high deneftfrees < 10 cm dbh in all life zones

(Appendix B), the proportion of TAGB they represmhtlecreased with secondary
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forest age and did not exceed 4.5% of TAGB in sdaonforests 30 yr (Table 2.4).
Biomass of trees 10 — 30 cm dbh was positivelytedl#o forest age (p= 0.0001; Table
2.4). Biomass of trees 10 — 30 cm dbh was grestestcondary forests 20 — 30 yr and
smaller as succession continued and trees > 3(brbecame established (Table
2.4). For example, in Moist secondary forests, laissnof trees 10 — 30 cm dbh was 42
Mg-ha' in a 7 yr forest, 75 Mg-Hain a 28 yr, and 61 Mg-Hain a 40 yr forest (Table
2.4). A similar change was observed in the Wetddae, where biomass of trees 10 —
30 cm dbh was 47 Mg-Han a 6.5 yr secondary forest, 108 Mg'tia a 29 yr forest,
and 61 Mg-hdin a 35 yr secondary forest. This representecaagé in the

proportion of TAGB in trees 10 — 30 cm dbh fromte43% between the 6.5 and the
35 yr forests (Table 2.4). We did not find diffeces in biomass of trees 10 — 30 cm

dbh between life zones (p= 0.5340).

Biomass of trees 30 — 50 cm dbh differed with age 0.0001) but was not
significantly different between life zones (p= 032). In Premontane Wet - Atlantic
secondary forests, biomass of trees 30 — 50 crwaishd Mg-hd in a 10 yr forest and
72 Mg-h& in a 27 yr forest. In comparison, TAGB of trees-350 cm dbh was 2 and
143 Mg-h& in Premontane Rain secondary forests 15 and 4Dayle 2.4). Trees

> 50 cm dbh were absent in Moist and Premontane-\Watific secondary forests
and were only present in a 82 yr Dry forest (T&bl, where they represented 29%
of TAGB. This suggests it may take > 40 years ffee$ > 50 cm dbh to be evident in

the Drier forests. However, once present, they asa@ significant proportion of
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TAGB. Trees > 50 cm dbh were also present in Wébtests> 20 yr, and represented
a considerable proportion of TAGB as forests afed.example, TAGB of trees > 50
cm dbh represented 22% of TAGB in a 27 yr Premani&fet - Atlantic secondary
forest, and 27% of TAGB in a 60 yr Wet secondarngsp (Table 2.4). Overall, the
proportion of larger diameter trees was largesider secondary forests, which is

consistent with generalized patterns of succession.

We did not find differences in surface litter biassawith secondary forest age
(p=0.9770), but the proportion of TAGB it repretehwas lower in all life zones as
secondary forests increased in age (Table 2.4)e¥ample, the proportion of surface
layer biomass in Dry forests was 78% in a 9 yr$oend 12% in a 27 yr forest. In
contrast, the proportion of surface layer biomdsmged from 6 to 3% of TAGB
between Premontane Rain forests 10 and 50 yr, ctgply (Table 2.4). Dry and

Moist life zones had greater amounts of surfacerl@djomass than the remaining life
zones (p < 0.0001). Dry and Moist secondary forkeatsa mean surface layer biomass
of 12 and 8 Mg-H4 respectively (Table 2.4). In contrast, Premontafet - Pacific

and Atlantic forests averaged ~ 6 Mg*ha

In contrast to surface layer biomass pools, seagrfdeests in the Dry and
Premontane Wet - Pacific life zones had lower dalmweody debris than secondary
forests in other life zones (p < 0.0001). Biomaswa@od debris was 3 Mg-Han Dry

secondary forests, which represented 3% of TAGBodWebris averaged 1.4 Mg-ha
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in Premontane Wet - Pacific secondary forests, whepresented 4% of TAGB. In
comparison, wood debris biomass in Wetter forestsamed 14 — 15 Mg-Hawhich
represented 9 — 13% of TAGB (Table 2.4). Biomassotned wood increased with
secondary forest age (p= 0.0031). In the Wet lieez for example, downed wood

was 3 Mg-ha in a 1 yr and 56 Mg-fain a 60 yr forest (Table 2.4).

Palms, lianas, and herbaceous vegetation wererthkbest components of TAGB. The
distribution of palms was very irregular acrose kbnes. Palms were absent from Dry
forests and most abundant in Moist secondary feregtere mature individuals of
Acrocomia sp. are commonly left as remnants from foreststyre conversion, or
allowed to regenerate while the land was still aised for cattle grazing. The

presence of palms was not related to secondargtfage (Table 2.4).

Lianas had the highest proportion of TAGB in Ma@sd Premontane Wet - Pacific
forests (Table 2.4). However, we did not find diffleces in liana biomass between life
zones (p= 0.2312). The proportion of TAGB in liavasied between secondary
forests within a life zone. In the Moist life zorike proportion of TAGB in lianas
ranged from 1% (0.9 Mg-HAin a 30 yr forest to 18% (13 Mg-fein a 9 yr forest. In
the Premontane Wet — Pacific life zone, the propordf TAGB in lianas ranged and
from 1% (0.3 Mg-hd) in a 10 yr forest to 20% (16 Mg-fgin a 22 yr forest,
respectively (Table 2.4). Aboveground biomassaiais ranged from 0 to 11 Mg-ha

and represented 4 — 5% of TAGB in the remainirg4ibnes. Across all life zones,
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aboveground biomass in herbaceous vegetation diexteed 5 Mg-hh This
represented an average 0.3% of TAGB (range: 0%)Yagross all life zones (Table

2.4).

Patterns of TAGB Accumulation

Based on the TAGB pools measured in primary forestslassified the potential of
secondary forests to accumulate TAGB into 3 distmeclimatic groups (p= 0.0025,
Figure 2.5). Premontane Rain and Wet secondargt®rad the highest maximum
TAGB accumulation potential (> 440 Mg-h&auffman & Hughes in prep., Table
2.5). Moist, Premontane Wet - Pacific, and Premuatd/et - Atlantic secondary
forests had an intermediate maximum TAGB pote(#&R2 — 285 Mg-h3, Kauffman

& Hughes in prep., Figure 2.4). Finally, second@amngsts in the Dry life zone had the
lowest maximum TAGB accumulation potential amoridife zones (155 Mg-h4

Kauffman & Hughes, in prep., Table 2.5).

TAGB accumulation in Moist, Premontane Wet - Padiiind Atlantic, Wet, and
Premontane Rain forests followed a natural grovaitepn of accumulation (Table
2.5). TAGB pools increased rapidly in early stagesuccession, had slower rates of
TAGB accumulation in intermediate stages of sudgoasand reached a life zone-
dependent TAGB asymptote as secondary forests(&igare 2.4). The TAGB

accumulation pattern in Dry forests differed frolinogher life zones because the



40

phase of rapid secondary forest growth was precbgdediag in TAGB accumulation

in forests < 14 yr (Figure 2.4).

Maximum mean annual increment (MAI) rates of TAGE®@mulation were 5.7
Mg-ha'-yr! in the Dry life zone and ranged between 8 and Mgha'-yr in the
remaining life zones. Confidence limits around maxim increment rates overlapped,
suggesting no significant differences among lifees Mean annual rates of TAGB
accumulation decreased with secondary forest ag6.(j069). MAI rates of TAGB
accumulation were 6.7, 5.8, and 5.5 M@Hya" in secondary forests < 10, 10 — 20,
and 20 — 30 yr, respectively. These values werstadistically different from each
other (p=0.4769 — 0.9838). In contrast, the MAéraf TAGB accumulation in
secondary forests 30 yr was 3.5 Mg-hayr™; significantly lower than secondary
forests <10 and 10 — 20 yr (p= 0.0030, 0.028%eetsvely) but not significantly

different from secondary forests 20 — 30 yr (p=865).

We calculated Drier secondary forests would accateul AGB equivalent to that in
primary forests in less time than Wetter forests. &xample, Dry forests would reach
> 90% of the TAGB present in primary forests in &g (Table 2.5). In comparison,
Moist and Premontane Wet - Atlantic would take appnately twice that long to
reach> 90% of the TAGB measured in primary forests. Femore, we calculated
secondary forests growing in Wetter life zones wiadcumulate TAGE 90% of the

TAGB measured in primary forests in 108 to 124Tal{le 2.5).
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Total Aboveground Biomass

TAGB measured in Dry secondary forests < 10 yr a®r in our study than
elsewhere in the tropics. For example, Read & Laseg2003) estimated TAGB of
10 to 18 Mg-hd in Dry Forests 3 yr in Yucatan, México. In additid/argaset al.
(2008) measured TAGB of 37 Mg-hin a 9 yr Dry forest in Quintana Roo, México.
In contrast, TAGB in a 9 yr secondary forest in surdy was 12 Mg-Ha(Table 2.4).
TAGB of secondary forests 10 — 20 yr in our stutyyever, were similar to those
reported elsewhere. For example, Vargad. (2008) measured TAGB of 53 and 63
Mg-ha' in secondary forests 14 and 15 yr, respectivelgomparison, we measured
TAGB of 51 and 67 Mg-hhin secondary forests 14 and 16 yr, respectivehceO
secondary forests were > 27 yr, TAGB in Costa Riaa ~ 2 times greater than that
measured by Vargae al. (2008), reaching a maximum of 159 Mg*Hia 82 yr after

pasture abandonment (Table 2.4).
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Table 2.5 Equations for predicting total abovegbiomass (TAGB, Mg-h%
accumulation in secondary forests growing in i #iones of Costa Rica.

Life Zone Bra b, Time to> 90%
(Mg-ha)  (yrh) b, n Pseudo-R Bunay (Y1S)

Tropical Dry 154.8 0.1130 5.1411 11 0.95 35
(0.0339) (3.1651)

Tropical Moist 262.1 0.0348 1 7 0.95 66
(0.0040) --

Tropical Premontane Wet, 262.1 0.0214 1 6 0.89 108

Transition to Basal - Pacific (0.0041) - -

Tropical Premontane Wet, 285.3 0.0316 1 9 0.98 73

Transition to Basal - Atlantic (0.0025) - -

Tropical Wet 445.0 0.0186 1 12 0.97 124
(0.0015) --

Premontane Rain 440.1 0.0202 1 11 0.97 114
(0.0016) --

Notes: All equations are of the form TAGEBma*[1-exp*(-b1*t)] 2. TAGB; is the

TAGB (Mg-ha') for secondary forest at time t (age of secondtamgst, yr), Bhaxis
the TAGB (Mg-h&) measured in primary forests of a given life z@tauffman &
Hughes in prep.), ds the rate at which TAGB approachegs.Bb; is the inflexion
parameter of the curve. The equation witlabd B parameters is a Chapman-
Richards function fit, whereas equations with godyameter pare natural growth
function fits. The standard errors of regressioefiecients (SE) are in parentheses.
Equation for Tropical Premontane Wet TransitioB&sal Pacific life zone was
statistically significant at= 0.0015. Equations for all other life zones were
statistically significant a < 0.0001. Pseudo®Ralculated after Schabenberger &
Pierce (2001). Time t& 90% Bna= —In(0.1)/kh (Olson 1963).
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Figure 2.4 Accumulation of total aboveground biosW@BAGB, Mg-h&) with
secondary age (years) in secondary forests gromviaix life zones in Costa Rica.
Points to the far right are the mean (+ SE erros)p8AGB (Mg-h&) of primary
forests in the corresponding life zones (Kauffmakldghes in prep.). Secondary
forests in the Dry life zone have low potential 19kGB accumulation, whereas
forests in the Moist and Premontane Wet TransimoBasal life zones have
intermediate TAGB accumulation potential. Forestthe Wet and Premontane Rain
life zones have the highest TAGB accumulation piaerir AGB accumulation
potential groups were significantly different frarach other (p= 0.0025). Curves
represent growth functions fitted to the secondargst TAGB data. Life zones are:
Dry: Tropical Dry forest, Moist: Tropical Moist fest, PM Wet-P: Premontane Wet
Transition to Basal - Pacific forest, PM Wet-A: Pientane Wet Transition to Basal -
Atlantic forest, Wet: Tropical Wet forest, PM RafPremontane Rain forest.
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Using Basal Area to Predict TAGB

We found a strong linear relationship between to#esial area and TAGB {R0.89,

p < 0.0001). The relationship was strongei=R.93, p < 0.0001, Figure 2.3) when the
regression was constrained to BA of trees, palms lianas> 10 cm dbh (Appendix

A). This suggests TAGB in tropical secondary fasesay be predicted from stem
diameter data without having to complete the extnaeigventory of forest biomass

presented in our study.

y=8.03x+10.51
R?=0.93

300 +

250 ~

200 ~

150 -

TAGB (Mg-ha')

100

0 5 10 15 20 25 30
Basal area (m*-ha™)

ODry <©Moist APMWetP APMWet-A XWet OPMRain

Figure 2.3. Linear relationship between basal &résha’) of trees, palms, and lianas
> 10 cm dbh and total aboveground biomass (TAGB hislt)-in secondary forests
growing in six life zones of Costa Rica. Life zorags: Dry: Tropical Dry forest,
Moist: Tropical Moist forest, PM Wet-P: Premontaiet Transition to Basal forest -
Pacific, PM Wet-A: Premontane Wet Transition to &derest - Atlantic, Wet:
Tropical Wet forest, PM Rain: Premontane Rain fores
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Discussion

Total Aboveground Biomass

TAGB measured in Dry secondary forests < 10 yr wa®r in our study than
elsewhere in the tropics. For example, Read & Laseg2003) estimated TAGB of
10 to 18 Mg-hd in Dry Forests 3 yr in Yucatan, México. In additjd/argaset al.
(2008) measured TAGB of 37 Mg-ha a 9 yr Dry forest in Quintana Roo, México.
In contrast, TAGB in a 9 yr secondary forest in swrdy was 12 Mg-ha(Table 2.4).
TAGB of secondary forests 10 — 20 yr in our stutiywever, were similar to those
reported elsewhere. For example, Vargaa. (2008) measured TAGB of 53 and

63 Mg-h&" in secondary forests 14 and 15 yr, respectivelgomparison, we
measured TAGB of 51 and 67 Mg-hm secondary forests 14 and 16 yr, respectively.
Once secondary forests were > 27 yr, TAGB in CBsta was ~ 2 times greater than
that measured by Vargasal. (2008), reaching a maximum of 159 Mg*hia 82 yr

after pasture abandonment (Table 2.4).

In a chronosequence of Moist secondary forestisdrRio Negro region, Colombia

and Venezuela, Saldarriagial. (1988) reported TAGB increased from an average 75
Mg-ha' in 9 — 14 yr secondary forests, to an averagéafitl 113 Mg-Hain 20 and

30 — 40 yr secondary forests, respectively. Instdmme study, they also measured an

average 173 Mg-fan 60 yr Moist secondary forests. These foreste iawer
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TAGB than Moist secondary forests elsewhere inNtbetropics (Alvest al. 1997,
Fearnside & Guimaraes 1996, Ferreira & Prance 19&9ninger 2000, Uhdt al.

1988) because of the oligotrophic conditions inghely area (Denslow 2000).
However, together with TAGB measured in sites daegdaby intensive land use prior
to the establishment of secondary forests (Fear&iGuimaraes 1996, Hughetsal.
2002), they are the most comparable to our dathl€Ta4). This suggests secondary
forest growth in the Moist life zone of Costa Rmay be constrained by poor site

conditions due to previous land use intensity.

Our TAGB estimates for Wet secondary forests rariged 18 Mg-h# ina 1 yr

forest, to 298 Mg-Hain a 60 yr forest (Table 2.4) and are comparablather tropical
Wet forests. In Wet secondary forests of Los TisxthMéxico, Hughest al. (1999)
reported TAGB ranged between 5 and 287 Mg etween a recently abandoned
pasture and a 50 yr secondary forest, respecti@igcoret al. (2007) measured
TAGB of 100 Mg-h# in a 20 yr Premontane Wet - Atlantic forests, while
measured 142 Mg-Han a 21 yr forest in the same life zone. The loWAGB

reported by Chacéet al. (2007) is possibly due to their use of a simplinwetric
equation with an expansion factor to calculate l@ssnof trees > 10 cm dbh. The use
of different methods for calculating TAGB is an ianfant source of uncertainty when
comparing TAGB between different studies. The adtnc equations we used to
calculate TAGB (Table 2.3) have been shown to bersiderable improvement

compared to alternative methods (Chatval. 2004, Chavet al. 2005).
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TAGB ranged from 17 to 200 Mg-han Premontane Rain secondary forests at ages
0.5 and 30 yr, respectively. The maximum TAGB fecandary forests in that life
zone (253 Mg-H} was measured in a 40 yr forest. In comparisorlksieniet al.

(2004) measured TAGB of 152 Mg-hm a ~ 40 yr Lower Montane Moist secondary
forest in Monteverde, Costa Rica. In addition, festsl. (2002) reported TAGB in
high elevation (2500 — 3600 m) Montane forests@fdtlor ranged between 177 and
206 Mg-hd in 30 yr forests. Although we cannot make dirernparisons between
these different life zones, these data suggest dhensecondary forests across the
tropics accumulate similar amounts of TAGB afteryB@f secondary forest growth.

Additional data from Montane secondary forestsreeded to verify this suggestion.

Predicting TAGB Using Basal Area of Stem40 cm dbh

TAGB can be predicted using data for basal aresdeshs > 10 cm dbh (Figure 2.3).
Nightingaleet al. (2008) also found a similar relationship acrosgi@es of old growth
forests, plantations, and restoration sites of magrages in humid tropical forests of
Australia. While the slopes of the regressions vearelar between our study and that
reported by Nightingalet al. (2008) the intercept of the curve was higher insiudy
(analysis not shown). This suggests secondarytfonre€osta Rica have higher
TAGB than in Australia. In contrast, Cummings (1P8&l not find a correlation

between Brazilian forest structure variablies (ree density and tree volume) from
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primary forest inventories and actual TAGB. Howeg\ke dataset she used came
from commercial timber inventories and includedyanées> 30 cm dbh and TAGB
was calculated from tree volume through expansagiofs. This may have limited the
predictive power of the regression by introducidgidional sources of error to the

TAGB estimates (Chavet al. 2004).

It is possible that regions around the world mayehdifferent relationships between

BA and TAGB. However, the consistency of the relaship between BA of stems

> 10 cm dbh (Appendix A) and TAGB (Table 2.4) obsehbetween forests in Costa
Rica and Australia (Nightingakt al. 2008), suggests TAGB can be predicted across a
wide range of ages, basal area, and forest typeg asisting forest inventories that

include data for stentss10 cm dbh.

Rates and Patterns of TAGB Accumulation

Consistent with other tropical studies (Brown & butP©90, Guariguata & Ostertag
2001), the high TAGB accumulation rates we docueediuring early stages of
succession decreased with increasing secondarst fage (Figure 2.5). The exception
was the Premontane Wet - Pacific life zone, whesd Mtes of TAGB accumulation
did not follow a clear trend with secondary forage (Table 2.4). This could be a
reflection of the limited availability of samplirgites, coupled with undetermined

differences in the sequence and intensity of pressiand use in that life zone. The
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latter has been shown to influence secondary foeestvery (Hughest al. 1999, Uhl

et al. 1988).

We did not find statistical differences in the nmaym rates of TAGB accumulation
between life zones. In addition, we found secondiamgsts < 30 yr had similar MAI
rates of TAGB accumulation across life zones. Syl Brown and Lugo (1990)
found mean growth rates were similar in secondairgsits < 15 yr. Our results were
also similar to findings by Silveat al. (2000), who found no effect of life zone on the
rates of TAGB accumulation during the first 20 ygeaf succession. Our data show
Dry secondary forests have an extended periodtabkshment compared to other life
zones (Figure 2.4). Once they become establislodeVver, Dry forests have similar
rates of aboveground biomass accumulation compargwbse found in more humid

forests, as predicted by Guariguata and Osteri@@(2

We found similarities between our MAI rates of TA@Bcumulation and those
reported elsewhere for tropical secondary forésisexample, Vargat al. (2008)
found MAI rates ranged between 2.8 and 5.3 M§¥1d in a chronosequence of Dry
secondary forests 4 to 29 yr. We calculated MA¢sdietween 1.3 to 5.6 Mg-har*

in Dry secondary forests 9 to 27 yr (Table 2.4)r €stimates of MAI rates of TAGB
accumulation for Moist secondary forests, rangiateen 2.2 and 10 Mg-hayr?,
were lower than those reported for Moist forestdi@gnAmazonian region (Alves al.

1997, Fearnside & Guimaraes 1996, dtdl. 1988, Saldarriaget al. 1988). Hughes
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et al. (1999) measured MAI rates of TAGB accumulationnsetn 2.3 and 18.3
Mg-ha'-yr' in Mexican Wet secondary forests 0.5 to 50 yrifwio trend in MAI

rates with secondary forest age). In turn, we esttch MAI rates between 4.9 and 18.1
Mg-hat-yr’ in Wet secondary forests 1 to 60 yr (Table 2.4%. &0 found similar

MAI rates to those reported by Chaddral. (2007) for a 15 yr Premontane Wet -
Atlantic secondary forest (~ 6 Mg-hgr). Finally, our estimates of MAI rates of
TAGB accumulation in Premontane Rain secondarysferare at the lower end of the
range reported by Fehskal. (2002), but they sampled very productive, Montane

Rain secondary forests in Ecuador.

Compared to a sigmoidal model (Richards 1959)n#taral growth function best
represented the pattern of TAGB accumulation irosdary forests growing in the
Moist, Premontane Wet (Pacific and Atlantic), Watd Premontane Rain life zones.
In contrast, secondary forests growing in the feydone showed a lag early during
succession and a sigmoidal function best repreddiA&B accumulation with
secondary forest age (Figure 2.5). This lag inyesgtondary forest growth possibly
occurs because of the effect of seasonal watetaliimn on young vegetation (Ewel
1980, Murphy & Lugo 1986). Other factors that maplain this response include the
absence of a seed bank due to a long and extdasiy@ise history (Zimmermagt al.
2000) as well as repeated fires after pasture amament. In addition, isolation from
currently available seed sources due to large stedt@estation in the region (Arroyo-

Moraet al. 2005), absence of remnant vegetation (Guariguabst&rtag 2001), and
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increased seedling mortality due to low soil maistonay also be restricting forest
establishment. Furthermore, the presence of thigiay be an artifact of our sampling
since only Dry forests 9 yr were available for sampling. Despite thisasfgrowth
early in succession, the MAI rates of TAGB accurtiatain Dry forests > 10 yr were
comparable to that of other life zones (Table 2t4% possible that once a secondary
forest becomes established in the Dry life zores mpetition for light between
saplings, and access to deeper soil water may &lowcrement rates comparable to
those measured in other life zones. Overall, osmlte imply that, once established,
secondary forests initially accumulate TAGB follogisimilar patterns across a
diversity of tropical climates. However, TAGB ratgfsaccumulation vary as
secondary forests age, ang.RBis different between life zones, which implies set

life zones have higher TAGB accumulation poterttiaih drier ones.

Time Required to Recover90% TAGB of Primary Forests

We originally predicted secondary forests in Weliterzones would reach TAGB
levels equivalent to primary forests in less timmart Dry forests because they would
accumulate more biomass per year. Instead, wedlifind significant differences in
the TAGB accumulation rates of secondary fores3® yr. Furthermore, we found
secondary forests growing in Drier life zones reacMAGB equivalent to that in
primary forests in a shorter time than secondarysis in Wetter life zones. The

proportion of B,ax recovered with time (in our case90%) depends on the loss rate-
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constant and is given by: —In(0.R}Olson 1963). Thus, life zones with higher loss
rate constants (bn Table 2.5) will reach their maximum pools fastery secondary
forests had the highest &and reached TAGB equivalent to that in primarg$s in
35 yr (Table 2.5). Conversely, Wet, Premontane Raid Premontane Wet - Pacific
secondary forests had the lowesthd their B, recovery periods exceeded 100 yr

(Table 2.5).

We calculated that Dry forests would have the g€sbiB,.« recovery time of all life
zones (Table 2.5). Predictions of TAGB recovergtiner Dry forests are variable but
greater than ours: 45 years in Subtropical Drydtsref Puerto Rico (Molina Colén &
Lugo 2000), 80 years in Tropical Dry secondary $ts®f Quintana Roo, México
(Vargaset al. 2008), and 55 — 120 years (dependent on the refeldevel of TAGB
used) in Southern Yucatan, México (Read & Lawra2@@3). Dry secondary forests
in Costa Rica recover TAGB equivalent to primarse&is in shorter time periods than
Dry forests elsewhere in the tropics likely becatigy are growing in more favorable

conditions relative to Dry forests elsewhere intttopics (Murphy & Lugo 1986).

We calculated it would require ~ 62 years to rea®©% TAGB of primary forests in
the Moist life zone (Table 2.5). Ferreira & Praiit@899) estimated 40 years was
sufficient for secondary forests to attain 95% 8{GB pools measured in Moist
primary forests of Brazil. However, this differensas greatly affected by the high

proportion of trees > 60 cm dbh that were left diag after the original primary forest
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was cleared for agriculture in the Brazilian sit@escontrast, Saldarriags al. (1988)
estimated 189 years to recover biomass equivadahtt of a mature forest in the Rio
Negro region of Colombia and Venezuela. These asithioggested very low soil
fertility may be one reason for the long TAGB reegytime. In addition, the linear

methods they used can overestimate TAGB recovens. ti

Our estimates of TAGB recovery by Wet secondargdts are up to 4 times greater
than those reported by Hughatsal. (1999) possibly because of slightly higher TAGB
and lower biomass accumulation rates in our stlilgy calculated Wet secondary
forests in Mexico would recover TAGC poal90% of those measured in primary
forests in 31 to 79 yr after site abandonment, deépg on the duration of previous
land use. Longer and more intense land use pradtie¢ negatively affect soll
properties and diminish rates of secondary forest/th and biomass accumulation
(Fearnside & Guimaraes 1996, Uhhl. 1988) may explain why the expected time to
recover TAGB is so much longer in Costa Rica. Hasvedifferences in soil types are
also likely explanations for the differences betwestimates. Hughes al. (1999)
sampled secondary forests growing on fertile Anldisehile most of the Wet

secondary forests we sampled were growing on &sigefUltisols (Table 2.2).

To further clarify general mechanisms controlling@B accumulation and determine
how long it takes secondary forests to accumul&@8 similar to that in primary

forests, methodological issues must be resolvedtBlodies cited here explicitly
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state what level of recovery was considered egentab primary forest valuesé

> 90% of primary forest TAGB). However, this is radvays possible for tropical
studies, where “equivalence” was not clearly defiffer example, Saldarriagshal.
1988). In addition, a standarized approach fonesing time to primary forest
recovery has not been agreed upon. Steininger j2Z0@DSaldarriaget al. (1988), for
example, used linear regression, while Hughted. (1999), Neeff (2005), and Vargas

et al. (2008) used the same sigmoidal growth functiorcliRids 1959) as we did.

There are several methods for calculating stanbiaghass from diameter and height
data, and the errors involved are not trivial (Ghehal. 2004). It is not always clear
whether remnant trees were considered when calegl@AGB recovery in secondary
forests. The presence of large remnant trees wagidficantly reduce the time
required for secondary forests to recover TAGB kintp that measured in primary
forest (Ferreira & Prance 1999). Some of thesécdities could be overcome by
adopting standardized methods for estimating anditorang TAGB in tropical
secondary forests (Clark 2007). Despite the neethfger datasets, we suggest the
allometric equations (Table 2.3) and the non-lirfaactions we used (Richards 1959,
Sit & Paulin-Costello 1994) are most appropriategqoresent secondary forest growth
and obtain estimates of TAGB recovery. We also pseduture studies consider
using> 90% of primary forest TAGB as a measure of seconfiaest recovery, or
that they disclose what level of secondary foreéSGB is considered equivalent to

that measured in primary forests.
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Maximum Total Aboveground Biomass

The size of the TAGB pool in primary forests{f) depends on the balance between
rates of inputs and losses in the system (Chet@h 2002), which are influenced by a
multitude of environmental factors (soils, wateaidability, temperature, etc.).
Accordingly, Bnaxcan be determined by the ratio of productiong a fractional loss
rate,k (b, in Table 2.5, Olson 1963). Small valuekatlative to values df result in
higher maximum TAGB, and vice versa. For exampléhe Premontane Rain life
zonek= 0.0202 yi* andl= 8.9 Mg-h&-yr®, while in the Moist life zon&= 0.0348 yi*
andl= 9.1 Mg-h&-yr! (Table 2.5). In the latter life zong,B was 445 Mg-H4 while

in the former it was 262 Mg-HgTable 2.5).

Consistent with expectation (Murphy & Lugo 198ay8&i et al. 2000), B,ax Was

greater in life zones with greater precipitationeTamount of TAGB potentially
accumulated by Wet and Premontane Rain secondaagtéas 3 times greater than
that in Dry secondary forests and 1.5 — 1.7 tinteatgr than that in Moist and
Premontane Wet secondary forests (Figure 2.5).ded B,.x Was positively
correlated to mean annual precipitatio® 0.90, p= 0.0361) and negatively correlated
(r>=-0.90, p= 0.0421) to the “PET Ratio” describecHntdridge (1967). In

secondary forests, the size of TAGB pools was sgisocorrelated to age% 0.75,

p < 0.0001). In addition, a linear combination géaince pasture abandonment and
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PET Ratio or mean annual precipitation best expltaime size of TAGB pools

(R?= 0.76, p < 0.0001) in secondary forests. This sagga combination of water
availability, temperature, and age affects seconftaest growth and ultimately By,
through its influence on nutrient and oxygen avality in the soil, increment and
decomposition rates for any life zone (Johngtoad. 2000, Raiclet al. 2006, Schuur
2003). These relationships could be used for utaledsg differences in TAGB pool
size and shifts in TAGB accumulation rates in tcapforests under changing climatic

conditions.

We suggest differences in maximum TAGB pools betwide zones may be partially
due to water availability and temperature indingeffifecting ecosystem processes.
Thus, in the context of accumulating the largesbambs of TAGB, efforts could be
focused on promoting secondary forest growth inté¥dife zones. With ongoing
climate change, however, careful consideration lshioet devoted to where TAGB
accumulation should be preferentially carried ot whether the expected target for
recovery based on past growth rates is realistithi® future (Harrigt al. 2006). For
example, climate change models for Costa Rica pradiincrease in temperature of
up to 4.5 °C and a generalized but spatially hgesreous reduction of precipitation
across the country with a doubling of pre-industitanospheric C@concentrations
by the year 2075 (Campos 1999). This would elingribé area of Premontane Rain
forest and reduce the area of Tropical Wet lifeemoacross the country, while

increasing the extent of Premontane Wet TranstbdBasal life zones (MINAE/IMN
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1996). Thus, while we calculated secondary forgsising in the Premontane Rain
and Tropical Wet life zones currently have the pbé&t to accumulate 190 — 200
Mg-ha' in 30 years (Figure 2.4), and are expected tover¢o90% of the TAGB of
primary forests in 114 — 124 yr, future climatioditions may impede attaining that
potential. In the long term, establishing secondargsts in the Premontane Wet -
Atlantic life zone may be most promising for accuating TAGB. Secondary forests
growing in this life zone have considerable pot@rit accumulate TAGB (175
Mg-hat in 30 yr, Figure 2.4). In addition, they are exipelcto recover Rayin 73 yr,
and the area of the life zone is predicted increagefuture climate change
(MINAE/IMN 1996). However, the effect of future otate conditions and the shift in
life zones from higher to lowerBxon biomass and C dynamics remains to be
determined. This highlights the importance of qifgimig current TAGB pools in
secondary forests across a range of climatic cemdito strengthen our ability to

predict future TAGB accumulation in a changing wlorl
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Abstract

Tropical forests play very important roles in tHel@l C cycle. To adequately manage
adaptation and mitigation strategies for globahelie change, the amount of C
sequestered by secondary forests growing in diffezkmates must be known. Total
ecosystem carbon was measured in 54 secondarysSfa@sirring six life zones in
Costa Rica. About 30 years after pasture abandonnotal aboveground carbon
(TAGC) accumulation reached 93 to 118 M@ frmthe Premontane Rain and Wet life
zones, and 37 to 70 Mg-hin the Moist and Dry life zones. Secondary forestse
predicted to reach TAGE 90% of that in primary forest in 116 to 126 yrtlre
Premontane Rain and Wet life zones, and 35 to &7 tyre Dry and Moist life zones,
respectively. Soil C pools to 1 m depth ranged ketw118 and 127 Mg-Han the

Dry, Premontane Wet - Pacific and Moist life zorees] between 157 and 278
Mg-ha' in the Wet, Premontane Wet - Atlantic, and PremoatRain life zones. Time
since agricultural abandonment was not a good giadof the size of soil C pools for
any of the life zones. TEC sequestration was Igrgdunction of aboveground C
accumulation. Total ecosystem C pools (above atwhbground C) were greater in
the Wet, Premontane Wet - Atlantic, and PremonReie life zones (229 - 370
Mg-ha) than in the Dry, Premontane Wet - Pacific, ands¥liife zones (149 - 171
Mg-ha'). Secondary forests were predicted to attain estery C levels 90% of

those measured in primary forests in 44 to 105syefsuccession. Maximum rates of

total ecosystem C accumulation were highest (18 Mg-ha*-yr?) in life zones with



68

intermediate levels of precipitation and lowesthia Dry and Premontane Rain life
zones (7 and 12 Mg-Hayr?). The differing rates of sequestration by life emould
suggest how climate change to new levels of pretipn and temperature may affect

the potential for secondary forests to accumulaite tGe future.

Introduction

Secondary forests are an increasingly importantpoorent of tropical landscapes
because of their large areal extent and fast groatds (Brown and Lugo 1990).
Emrichet al. (2000) estimated secondary forests represent 3%#btoopical forests

in the world. In tropical America, it is estimateecondary forests cover at least 335
million hectares (FAO 2005), and it is suggestexythre becoming the prevailing
type of forests in many tropical regions, even exieg the area covered by primary
forests in some countries (FAO 2005, Wright & MeelLandau 2006). In Costa Rica,
for example, secondary forests are estimated tercgimilar area than primary forests
(~25% of the country, Kleingt al. 2005). Secondary forests play an important role in
sequestering C (Silvet al. 2000a, Wright & Mueller-Landau 2006). Niletal.

(2002), for example, estimated regenerating forgistsally have the potential to
accumulate 316 Tg of C over a 10 year period, &% of that potential coming from
Latin American countries. This is equivalent to 68#4he C emitted from tropical

deforestation in the 1990s (DeFrigsal. 2002).
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Considerable attention has been given to quangfgarbon pools in primary tropical
forests (Clark 2002, Clark 2004, Delaretyal. 1997, Hughest al. 2000, Hughest

al. 2002, Jaramill@t al. 2003) and, more recently, secondary forests (B &
Guimaraes 1996, Hughesal. 1999, Feldpauscét al. 2004, Sierraet al. 2007,
Vargaset al. 2008). However, secondary forest research hagggntcused on
humid and wet lowland climates (Brown & Lugo 198hegan 1996, Finegan &
Delgado 2000, Guariguata & Ostertag 2001, Saldgaegal. 1988). In addition, soill
investigations have been generally limited to sivalsoil depths (Buschbachetral.
1988, Chacomt al. 2007, Vargast al. 2008), although it has been documented that
deep roots may play an important role in the Ceyblepstackt al. 1994). Multiple
studies have separately quantified abovegroundgaih pools in tropical
ecosystems, but assessments of total ecosysteoncstdrage and change of that
storage done over time in different life zones waiitth the same methods are

extremely limited (Clark 2004, Hughesal. 1999, Vargast al. 2008).

One of the major uncertainties concerning the obleopical forests in the global
carbon cycle is the lack of adequate data on thea€s and rates of sequestration of
all their components (Delaney 1997, Clatlkal. 2001). This research is the first to
provide such baseline data on changes in aboveeod ground C pools for
secondary forest chronosequences growing in asityesf tropical climatesi(e. life

zonessensu Holdridge 1967). The main objective of this stweys to characterize the
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total above and below ground C pools to 1 m deptiding C in mineral soil and in
roots) of secondary forests growing in six life @srin Costa Rica. In addition, we
aimed to describe the rates of C sequestrationttentime required for secondary
forests to attain total ecosystem C equivalenh#b in primary forests. We assumed
that, given enough time, secondary forest ecosy§&tqrools would be equivalent to
those of primary forests. In addition, we hypothediecosystem C pools would be

larger and sequestration rates faster in wetteratés.

Methods

Ste selection

We sampled 54 secondary forests of varying agédife zones (Holdridge 1967) of
Costa Rica (Table 2.2): Tropical Dry forest, Tra@iMoist forest, Premontane Wet
Transition to Basal forest (Atlantic and Pacificfall regimes were considered
separately because of forest physiognomy differsrenthese regimes), Tropical Wet
forest, and Premontane Rain forest. For the pugpokthis research, we refer to these
life zones as Dry, Moist, Premontane Wet - PacRiemontane Wet - Atlantic, Wet,
and Premontane Rain. Also, we refer to the firstaHife zones as “Drier” because of
the occurrence of a distinct dry season (when nignéinfall is < 100 mm), and the

remaining as “Wetter” (rainfall > 100 m year-roundpgether, these life zones
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represent approximately 55% of the country (Bola&&atson 1993) and form a

bioclimatic gradient from warm and dry to cool amel forests.

Secondary forests in each life zone were locateoMeylaying the 1:200 000 Life
Zone System Map for Costa Rica (Bolafios and Wat9@3) with the 1992 Land Use
Map (MAG 1992) in a GIS. Once sites were locateelinterviewed local residents to
verify the range of secondary forest ages availadsleampling within a life zone.
Only sites previously used as pastures (the masthun agricultural use) were
chosen. Secondary forests subject to logging ardtitvicultural operations were not
considered. Also, patches of secondary forestddbd= 1.5 times larger than our

plot size (0.25 ha).

Chronosequences spanning the age range of secdodsasis within each life zone
were sampled. Each chronosequence included segoindest stands in different
geographic regions of the country. The exceptios tha Tropical Dry forest life zone
because it is restricted to a single geographioregf Costa Rica. We sampled one
Premontane Wet life zone chronosequence in thetidlaand one in the Pacific
regions of Costa Rica (Chapter 2, Table 2.2). Altfioboth areas are classified as the
same life zone (Holdridge 1967), the Pacific regibiCosta Rica has a distinct Dry
season leading to different physiognomies tharrem®ntane Wet - Atlantic forests

(Holdridgeet al. 1971).
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Ecosystem C pools

We defined ecosystem C pools as the sum of alihicghly-derived C present in
mineral soils, roots, and aboveground forest coraptst We used methods similar to
those described by Hughetsal. (1999) to quantify aboveground and soil C poais. |
addition, we calculated the amount of C allocatetbbts based on TAGC (Table 3.2)
using equations developed by Caienhal. (1997) and assuming roots have 49% C
content (Jacksoe al. 1997). We did not quantify the C pool of epiphybesause
they represent only ~ 0.1% of total ecosystem Qgpioosecondary forests (Nadkarni

et al. 2004).

We sampled all aboveground ecosystem componentsaaisdn a 50 x 50 m (2500

m?) nested plot (Figure 3.1). This plot size providesappropriate sampling area for
large trees and is of adequate size to describmessional trajectories (Chagkal.

2004, Hughest al. 1999, Saldarriaga 1998). In all plots, the diamses breast height
(dbh, measured at 1.30 m height, Philips & Bak€y2®f all trees, palms, and lianas
> 10 cm dbh rooted within the 50 x 50 m plots weemsured. In addition, the mass of
dead trees and palms was calculated from measutemwignoth dbh and height of
each snag; the latter obtained with a clinometee diameter and height of all stumps
were also measured inside the main plot. The spegiewth form €.g. tree,

liana/vine, palm, snag), and whether the stem weasl @r alive, were also recorded.

We used species names and live/dead status tmdksigppropriate wood specific
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gravity data for biomass calculations (Chapter@hl& 2.3). Samples from plants not
identified to species in the field were taken te Thopical Science Center or the

Instituto Nacional de Biodiversidad (InBio) for m&ication.

We measured the diameter of all trees < 10 cm ddhaller than 1.30 m inside eight
1 x 15 m subplots at each sampled site. These smalsubplots were located on the
periphery of the main plot and randomly oriented 8 Figure 3.1). Live stems < 1.30
m in height (saplings) were considered part offtlest floor and collected in eight
0.5 x 0.5 m microplots adjacent to each small stggplot and located 2 m away from
the subplot’s origin (n= 8). We also collected dsaglings, seedlings, and all downed
material (litter) found inside this microplot (Figu3.1). Surface litter was composed
of leaves, bark fragments, seeds, flowers, frais, small woody stenis2.54 cm in
diameter. Downed wood.€. dead wood material with diameter > 2.54 cm) was
measured along two 15 m, randomly oriented, traadecated at 8 points in the
periphery of the plot (n= 16, Figure 3.1) using fikenar intersect technique (Brown &
Roussopoulos 1974, Van Wagner 1968). Plant tissoples representative of all
these ecosystem components were collected to daef@nconcentrations (Table

3.1).

Dry mass of each ecosystem component was calculatad a combination of life
zone-specific allometric equations developed spely for each ecosystem

component or determined directly from oven-driedidfisamples (Chapter 2, Table
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2.3). Aboveground C pools were calculated by mlyitng the mass of each
ecosystem component by its corresponding C coratémtr(Hughest al. 1999). We
used C concentrations from tissue samples previaatlected for each biomass
component (Hughest al. 1999; Kauffman & Hughes in prep.), or collected
specifically for this study (Table 3.1). All platissue and soil samples were oven-
dried to constant mass at 65 °C and then groupdds through a 0.5 mm mesh. Soill
samples were sieved to remove roots, rocks, andsdel2 mm in diameter and

ground to pass through a 250 um pore size.

To determine the C pools of mineral soils we caldcsamples at 10 m intervals along
a 50 m transect established in the center of e@ch3® m plot (Figure 3.1). At each

of the five sampling points along the 50 m transsamples were obtained by
compositing four subsamples collected 1 m fromsio@apling point in each cardinal
direction. Soils were collected from 0 — 10, 100520 — 30, 30 — 50, and 50 — 100 cm
depths (n= 25; 5 sampling locations x 5 depthsppm). Bulk density was determined
by weighing 5 samples of known volume extractediftbe mid-point for each of
these depth intervals (Anderson & Ingram 1993).s&ll samples were obtained with
an Eijkelkamp soil core sampler (Eijkelkamp Agreasch Equipment, The
Neatherlands). All tissue and soil samples werdyaed at the Habitat Ecology
Laboratory, Department of Fisheries and Wildlifee@on State University. Carbon
concentrations in biomass and soils were deternigetie induction furnace method

in a Carlo-Erba NA Series 1500 NCS analyzer (Neblwh Sommers 1996).
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50 m
-
O

Figure 3.1. Plot layout to quantify mass of ecosystarbon (Mg-h3 in secondary
forests of six life zones in Costa Rica. The petimeter and the center line of the
plot are shown in dotted lines. Soil sampling arf@gen squares) were spaced 10 m
from each other along the center line of the gAthough only a pair of random-
direction downed wood transects (solid lines) amdlstree subplots (open rectangle)
is represented here, a similar pair originatedl deations marked with open circles
(n= 16 downed wood transects, n= 8 small tree sidplA forest floor microplot
(striped square) was associated with each smalktbplot (n= 8).



76

Table 3.1 Concentration of C (%, mean = SE) in congmts of aboveground
vegetation in secondary forests of six life zome€osta Rica.

Vegetation Life Zone

Component Tropical Dry Tropical Moist PM Wet  Tropical Wet  PM Rain
Leaves 45.46:0.04 46.48+0.08 44.52+0.04 45.36+x0.12 46.49+£0.04
Litter 40.81+0.15 43.79+0.14 44.01+0.16 44.42+0.15 47.60+0.31
Lianas & Herbaceous 46.860.19 46.28+0.12 45.84+1.03 46.68+0.19 47.27+0.26
Palm Leaves 45.250.06 45.59+0.14 45.22+0.09 46.34+0.02 45.46+0.07
Palm Stems 50.850.03 47.12+0.02 47.88+0.05 48.16+0.01 43.60+0.03
Rotten Wood 47.120.10 45.98+0.07 47.49+0.10 49.08+0.09 48.07+0.05
Sound Wood 48.050.12 47.90+0.03 48.76+0.01 48.69+0.24 47.97+0.05

Note: PM Wet: Premontane Wet Transition to BasRheific forest, PM rain:
Premontane Rain forest. Litter C concentrationrf¥éan = SE) in the Premontane
Wet Transition to Basal — Atlantic life zone was3®z= 0.17. No other samples were
available for that life zone.

Soil C pools partitioned by depth were determinganhltiplying soil C
concentrations by the bulk density of each depgarland the correspoding layer
thickness. We accounted for the influence of cortipa®n estimates of soil C by
using the “equivalent mass” approach describedllgyt® Bettany (1995). This
required the determination of soil mass to a gidepth in soils of primary forests and
using that mass as a standard to calculate theaqnt soil sampling depth (Ayanaba
1976) in secondary forests. The adjusted soil Gspocsecondary forests were then
obtained by summing the mass of C stored in sun@essil layers that contained
mass of soil equivalent to that measured to 1 nthdiepprimary forests. By doing
this, we avoided potentially overestimating thekasbil C content (Ellert 1995, Ellert

et al. 2001), by an average of 13%, because of diffeeircbulk density between

contrasting land use types.
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Rates of Ecosystem Carbon Sequestration

To describe the rates of sequestration and thergopgred for secondary forests to
attain ecosystem C equivalent to that measurednmapy forests we fitted the natural
growth function (Sit & Poulin-Costello 1994) to dieted ecosystem C data using the
NLIN procedure in SAS 9.1.3 (SAS Institute 2000 after 2). We assumed
secondary forests would be equivalent to primargdts when they attained90% of
the ecosystem C of primary forests (Kauffman & Hegyim prep.). Predicted
ecosystem C sequestration data consisted of thesUil\GC measured in the field,
and root C and soil C calculated using regressiuaons (Cairnst al. 1997, Silver

et al. 2000a). Available equations for predicting so&@ limited to 25 cm depth
(Silveret al. 200a). To control for the confounding effect afreant aboveground
material on C sequestration rates we excluded retstanding trees and downed
wood from TAGC. We did not use our field measuretaer soil C because their high

variability prevented us from detecting change$vatrest age.

We used methods described by Olson (1963) andatzreter estimates from the
fitted natural growth functions of each life zowepredict the age at which secondary
forests would reach ecosystem C leveB0% to those measured in primary forests.
Mean annual ecosystem C sequestration rates wierdatad as the average of
predicted ecosystem C divided by the secondargfage. Maximum mean annual C

sequestration rates were calculated as the inteof@pnegative exponential
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regression curve between mean annual ecosystemuésteation rates and secondary
forest age. We excluded sited yr from the analysis of mean annual sequestratio

rates because of spurious data.

Satistical Analyses and Data Processing

We used ANOVA and the MIXED procedure in SAS 9.(53S Institute 2000) to
evaluate the significance of changes in TEC and ké#ds with forest age, and make
comparisons between life zones. Variables wereraldtng-transformed, and pooled
into age categories when necessary, to stabile@dhance and meet other ANOVA
assumptions (Read & Lawrence 2003). Pooling datageycategories provides a
reasonable way of comparing change in ecosystepepies with time (Feldpause&h
al. 2004). Least squares mean estimates and paireifiseences between them were
calculated using the the LSMEANS routine in SAS®(BAS Institute 2000). We
used the Tukey-Kramer method (SAS Institute 200@djust the significance for
multiple pair-wise comparisons. We used correlatmdetermine the strength of the
relationship between TAGC, soil C, and ecosystewitf forest age, temperature,

precipitation, and elevation.
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Results

Total Aboveground Carbon Pools

Total aboveground carbon (TAGC) pools were higldyiable in secondary forests,
ranging from 5 Mg-hain a 9 yr Dry forest to 143 Mg-Han a 60 yr Wet forest (Table
3.2). As expected, we found an increase in thediZ&AGC pools with age across all
life zones (p= 0.0049). At any given age TAGC wagleneral, greater in Wetter life
zones than in Drier ones (Table 3.2). TAGC wasetated (f= -0.3813, p= 0.0044)
with the ratio of potential evapotranspiration te@pitation {.e. an index of available
moisture, Holdridge 1967). Live forest componentshsas trees, palms, and lianas
represented 86 to 97% of TAGC (Table 3.2). Initdl zones, TAGC followed a non-
linear pattern of sequestration with secondarydioage. In most life zones this pattern
was characterized by very rapid growth early inrcegsion, decreasing accumulation
rates in mid-succession, and a slow approach texainum TAGC similar to that in

primary forests (Chapter 2).

Secondary forests attained TAGC level80% of those in primary forests at different
ages after pasture abandonment. Dry secondaryt$aessched TAGC levels
equivalent to those in primary forests (73 M@-h&auffman & Hughes in prep.) in 35
yr after pasture abandonment. In the Moist, Prearm@iVet - Atlantic, and

Premontane Wet - Pacific life zones, secondarysterattained TAGC levels
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equivalent to those in primary forests (123 — 13g &', Kauffman & Hughes in
prep.) in 67, 76, and 110 yr following pasture attanment, respectively. We
predicted Premontane Rain and Wet secondary fonesikl reach TAGC levels

> 90% of primary forests (207 — 215 Mg-h&auffman & Hughes in prep.) in 116

and 126 yr after pasture abandonment, respectively.

Characterization of Soil Carbon Pools.

Soil Carbon Concentration

We did not find differences in soil C concentratigith forest age (p= 0.1311).
However, we found significant differences in soit@centrations between life zones
(p < 0.0001). In addition, soil C concentrationsr@ased with depth (p < 0.0001). At
all depths, soils of Premontane Rain forests hacithest mean soil C concentration
(Figure 3.4). Differences among life zones weretrapparent at the soil surface and
decreased with increasing soil depth (Figure 3mthe 0 — 10 cm depth layer, for
example, mean soil C concentration in Premontane feeests was approximately
16.4%, or 4 — 6 times greater than in the Dry, MasPremontane Wet - Pacific life
zones (3.8, 3.4, and 2.7%, respectively), andim8g greater than in the Premontane
Wet - Atlantic and Wet life zones (5.6 and 5.1%pextively, Figure 3.4). This
difference persisted with depth; soil C concentratit the 50 — 100 cm depth layer in

Premontane Rain forests was 3 — 5 times greatarithine Dry, Moist, or Premontane
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Wet - Pacific life zones, and ~ 3 times greatentimthe Premontane Wet - Atlantic

and Wet life zones (Figure 3.4).

Soil C Concentration (%)

0 5 10 15
0-10

~—~ B
&
(&)
~  10-20
-
g
= i
e
B 20-30
Q
©
—t b —=—Dry
8 ---£»-- Moist

30-50

-~ — PM Wet-P
| —a&— PM Wet-A
-exe- et
50-100 —z— PM Rain

Figure 3.4. Mean soil carbon concentration (%) gt layer interval (cm) in
secondary forests growing in six life zones of @dgica. Life Zones are: Dry:
Tropical Dry forest, Moist: Tropical Moist fore$2M Wet-P: Premontane Wet
Transition to Basal forest - Pacific, PM Wet-A: Pientane Wet Transition to Basal
forest - Atlantic, Wet: Tropical Wet forest, PM RaPremontane Rain forest.



Table 3.2. Ecosystem mass of carbon (Mg)lira secondary forests growing in six life zone<aofsta Rica.

Measured Carbon Predicted Carbon Mean Annual
Life Zone Site Name Age TAGC Soil Root C TEC Soil Ecosystem Gusstration
Tropical Dry Pitahaya 9 5.1 84.8+ 12.1 15 91.4 45.8 52.4 5.8
Bebedero 10 20.3 60.7 + 11.5 4.6 85.6 47.7 72.6 7.3
Pocosol 10 13.0 52.3+ 5.8 3.7 68.9 47.7 64.3 6.4
Mal Uso 14 235 138.6+ 12.6 5.7 167.8 54.2 83.4 6.0
Deep Throat 16 30.5 208.8+ 14.7 7.3 246.6 57.1 94.9 5.9
Firebreaks 17 9.5 77.8 + 11.8 2.7 89.9 58.4 70.6 4.2
Principe 22 40.5 101.8+ 6.6 9.7 152.0 64.5 114.7 5.2
Naranjo 26 58.1 188.8+ 12.0 13.3 260.3 68.8 140.2 5.4
Buen Uso 27 69.9 1711+ 7.4 15.8 256.8 69.8 155.5 5.8
El Pozo 82 74.0 1725+ 229 185 264.9 106.9 199.4 24
Primary Forest - - 73.0 1242+ 129 17.6 214.8 -- -- --
Tropical Moist Downey 042 145 1424+ 131 2.5 159.4 22.0 9.13 n.c.
Valle Azul 7 14.6 64.8 + 3.6 3.4 82.9 44.5 62.6 8.9
Caballos 7 324 1743 + 19.8 6.9 213.6 445 83.9 12.0
Divino 9 324 958 + 6.4 7.1 135.3 47.4 86.9 9.7
Iguana 13 446 169.2 £+ 11.3 9.8 223.6 52.0 106.5 8.2
Quesera 16 543 1134+ 31.1 119 179.5 54.8 120.9 7.6
Dubya 20 37.8 1620+ 114 8.9 208.7 57.9 104.6 5.2
El Tanque 28 51.1 104.1+ 187 11.9 167.1 63.0 126.0 4.5
Santa Teresa 30 371 1127+ 7.6 9.0 158.8 64.1 110.2 3.7
Chonco 40 419 1324+ 174 104 184.7 68.9 121.2 3.0
Primary Forest -- 122.8 93.6+ 140 287 245.1 -- -- --
Tropical Yucal 2 9.7 1914+ 187 21 203.1 43.0 54.8 27.4
Premontane Wet, Chupadero 6 14.6 107.7 + 13.8 3.4 125.6 51.2 69.2 11.5
Transition to Lapas 10 14.6 98.5+ 6.9 35 116.7 55.6 73.8 7.4
Basal, Pacific Hotel 15 50.6 88.7 + 6.1 11.1 150.4 59.3 121.0 8.1
Luciano 22 36.1 1054+ 11.0 8.6 150.1 63.1 107.9 4.9
Primary Forest - - 122.8 93.6 £+ 14.0 28.7 245.1 - - - - - -

Z8



Table 3.2. (Continued)

Measured Carbon

Predicted Carbon Mean Annual
Life Zone Site Name Age TAGC Soil Root C TEC Soil Ecosystem Gusstration
Tropical Cano 3 11.0 2114+ 177 25 224.9 45.9 59.3 19.8
Premontane Wet, SAT 900 6 19.2 170.0+ 5.3 4.4 193.6 51.2 74.9 12.5
Transition to Con Permiso 10 42,7 216.2+ 5.9 9.1 268.0 55.6 107.4 10.7
Basal, Atlantic SAT 1000 15 41.8 167.2 + 105 9.4 218.4 59.3 110.6 7.4
Pao 21 67.0 184.7+ 5.2 14.5 266.2 62.6 144.1 6.9
Cascada 26 72.7 2133+ 85 16.0 302.0 64.8 153.5 5.9
Sébalo 27 949 1879+ 143 203 303.1 65.2 180.4 6.7
SHO 750 32 734 2178+ 101 16.5 307.8 67.0 156.9 4.9
Primary Forest - - 137.9 193.9 + 36.9 31.0 362.8 -- -- --
Tropical Wet Terciopelo 0.7 8.0 197.2+ 143 1.6 206.8 36.3 5.94 n.c.
TUVA 1 81 1184+ 7.9 17 128.3 38.5 48.3 n.c.
Culebra 3 195 180.5 + 13.9 4.0 204.0 45.9 69.4 23.1
La Huerta 6.5 402 1246+ 4.7 8.1 172.9 51.9 100.2 154
Don Juan 9 39.9 208.8+ 8.7 8.4 257.1 54.7 103.0 11.4
Tirimbina 18 56.4 203.8+ 95 12.2 272.4 61.1 129.7 7.2
Piro 20 61.9 98.9 + 4.6 13.4 174.1 62.1 137.4 6.9
Pumilio 25 65.2 184.6+ 4.9 14.3 264.1 64.4 143.9 5.8
4 Rios 29 118.1 170.1+ 54 245 312.8 65.9 208.6 7.2
Caliente 35 824 147.0% 11.3 18.2 247.5 68.0 168.5 4.8
Palma Real 60 143.1 97.2+ 102 313 271.6 74.1 248.5 4.1
Primary Forest - - 215.0 125.0+ 2.5 46.8 386.8 - - - - - -

€8



Table 3.2. (Continued)

Measured Carbon Predicted Carbon Mean Annual
Life Zone Site Name Age TAGC Soil Root C TEC Soil Ecosystem Gusstration
Premontane Rain  Volcan 0.5 8.0 239.3% 12.2 1.5 248.8 34.4 .9 43 n.c.
Virgen Maria 10 37.0 278.3+ 205 8.1 3235 55.6 100.8 10.1
Aleman 15 49.2 2643+ 11.2 10.9 324.4 59.3 119.4 8.0
Cornelio 19 84.7 2875+ 204 18.0 390.2 61.6 164.3 8.6
Milpa 20 68.2 258.0+ 20.6 14.8 341.0 62.1 145.1 7.3
Dos Ases 20 976 2734+ 45 20.5 391.5 62.1 180.2 9.0
Cambronero 30 93.1 282.0+ 101 205 395.6 66.3 179.9 6.0
Hondura 35 88.6 3153+ 7.2 19.9 423.8 68.0 176.4 5.0
Vargas 40 1175 296.7 + 16.3 25.9 440.2 69.4 212.9 5.3
Kraven S.A. 50 108.3 289.7 + 17.0 24.7 422.6 71.9 204.9 41
Primary Forest - - 206.9 2405+ 525 46.3 493.7 - - - - - -

Notes: TAGC (Mg-ha) represents total aboveground carbon. Soil C (B)-1s the average soil C to 1 m
depth (£ SE). Soil C values were adjusted for cartipa following Ayanabaet al. (1976) and Ellert &
Bettany (1995) to allow direct comparisons with gamion studies done in other land use categories in
Costa Rica (Kauffman & Hughes, Joleseal., in prep.). Root C (Mg-h3 was calculated after Cairesal.
(1997) and assuming roots have 49% C content (daeksl. 1997). Total ecosystem carbon (TEC, M@-ha
1) was calculated as the sum of measured TAGCGsaihd root C. Predicted soil C to 25 cm depth (dg-
1) was calculated using equations in Silgeal. (2000a). Predicted ecosystem carbon (M{) nas
calculated as the sum of TAGC, root C, and predistl C. Mean annual C sequestration rates (Mgyia

1) were calculated as the average of predicted stesycarbon and secondary forest age. n.c.: data no
calculated.

¥8
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Soil Carbon Pools

Measured soil C pools were 1.3 — 2.3 times lang¢neé Premontane Rain,
Premontane Wet — Atlantic, and Wet life zones tinathe three Drier life zones

(p < 0.0001). There was considerable variatiomédoil C pools to 1 m depth among
sites within the life zones (Table 3.2). Soil C |saw 1 m depth ranged from 65
Mg-ha' in a 7 yr Moist forest to 315 Mg-Han a 35 yr Premontane Rain forest (Table
3.3). Secondary forests in the Dry, Moist and Pratauoe Wet - Pacific life zones had
the lowest mean soil C pools to 1 m depth (1186 Mg-h&). In contrast, mean soil
C pools ranged from 157 Mg-hin Wet forests to 278 Mg-Hdn Premontane Rain
forests (Table 3.3). We were unable to detect @hffees in soil C pools with forest
age (p= 0.8251). Predicted soil C to 25 cm depth 3¢ato 56 Mg-hain forests< 10

yr, 64 to 66 Mg-hain forests 30 yr, and 74 Mg-hén a 60 yr Wet forest (Table 3.2).

The distribution of measured soil C was similarhwdepth across life zones. An
average 31% of the soil C mass (52 — 100 M) las concentrated in the top 0 — 10
cm soil depth layer of Dry forests (Table 3.3)cbmtrast, the proportion of total soil C
in the 0 — 10 cm depth layer was ~ 20% in the remgilife zones (Table 3.3). Soil C
to 10 cm depth ranged between 14 and 43 Mgiiéhe Moist and Premontane Wet -
Pacific life zones, and between 19 and 61 M§inhahe Premontane Wet - Atlantic,
Wet, and Premontane Rain life zones (Table 3.3)ogscall life zones the top 0 — 20

cm soil depth layer contained an average ~ 30 % 6Dthe total soil C pool to 1 m
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depth. Soil C pools in the 0 — 20 cm depth laypresented 56% of the total soil pool
to 1 m depth in Dry forests and 44% in Moist fose$t both Premontane Wet life
zones and in the Tropical Wet life zone, soil Clpan the 0 — 20 cm depth layer
represented 36 — 38% of soil C pools to 1 m depdble 3.3). In the Premontane Rain
life zone, soil C in the 0 — 20 cm depth layer esgnted 31% of soil C poolsto 1 m

depth.

Although the average proportion of soil C pool2@ocm depth among life zones
ranged between 31 and 56% of soil C to 1 m, thelatessoil C pools were larger in
Wettter life zones than in Drier ones. Average €opools to 20 cm depth ranged
from 42 Mg-h& in Premontane Wet - Pacific forests to 55 — 61Hdgin Moist and
Dry forests and from 60 to 88 Mg-hin the remaining life zones (Table 3.3). Soil C
pools were highly correlated to mean annual tempegdf= -0.91, p < 0.0001),

elevation (f= 0.82, p < 0.0001), and precipitatiof<0.66, p < 0.0001).

Carbon in Roots

In all life zones, the size of carbon pools in sowicreased as forests aged (Table 3.2).
Root C pools were generally smaller in secondamgsis growing in Drier life zones
than in Wetter ones. For example, Drier forest® yrlwere predicted to have root C
pools between 4 and 7 Mg-hevhile root C pools in Wetter forests were 8 to §-ha

! (Table 3.2). This difference became more pronodndéh increasing forest age.
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Forests 20 — 30 yr in the Drier life zones had @gools of 9 to 16 Mg-Aa In
contrast, root C pools in forests 20 — 30 yr in\tihetter life zones ranged between 13
and 25 Mg-hd (Table 3.2). Despite these differences, root Apaere equivalent to
22 to 25% of TAGC pools in all life zones (Tabl@)3.This proportion did not follow

a trend with forest age (Table 3.2).

Total Ecosystem Carbon Pools

Measured total ecosystem C (TEC) pools ranged 68mg-ha in a 10 yr Dry forest
to to 440 Mg-hd in a 40 yr Premontane Rain forest (Table 3.2).fived significant
differences in TEC pools between life zones (pG001), with mean TEC ranging
from 149 to 171 Mg-h4in Drier life zones, and between 228 to 370 Mg-imaWetter
life zones. Because of the high variability in 9ipools (Table 3.3), we did not detect
significant differences in measured TEC pools sitbondary forest age in the Dry,
Moist, Premontane Wet - Pacific, and Wet life zo(ees0.0768, 0.5144, 0.2044,
0.1620, respectively). TEC sequestration in thésebnes was largely a function of

aboveground C gain (Table 3.2).
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Table 3.3. Mass of soil carbon (MgHan secondary forests growing in six life zones
of Costa Rica. Values are mean + SE.

Age Depth interval (cm)
Life Zone Site Name (yrs) 0-10 10-20 20-30 30-50 50-100 Total
Tropical Dry Pitahaya 9 264+17 181+17 13.1+11 17221 423+1.7 84.8 +12.1
Bebedero* 15 27311 23113 18.0 +0.6 19.3 0.7 n.c. 60.7 511.
Pocosol* 15 28.7 1.9 254 £17 16.1 +n.a. n.c. n.c. 52.3 +5.8
Mal Uso 14 36.7+17 309+17 23.0+07 351+07 64.7+n.a38.8+12.6
Deep Throat 16 41.2+32 335+14 256+16 38.0+3.8 70.39+6208.8 +14.7
Firebreaks* 17 259+39 205+39 102+16 21.2+55 n.c. 77.8a81
Principe* 22 371 +45 28.0+35 21.3+4.1 25.7+3.7 n.c. 101.86t 6.
Naranjo 26 457+73 298+59 230+21 375+26 529+23 8.8812.0
Buen Uso 27 36.0+25 29.6+1.4 221+1.0 31.1+14 521+4371.1+7.4
El Pozo 82 343+39 320+41 280130 454+6.0 54.6+23 23%#229
Tropical Moist Downey 042 36.9+48 30.8+3.9 19.7 £2.2 2229 324 +28 1424 +13.1
Valle Azul 7 138+0.7 143+07 10207 11.8+08 148+2564.8+3.6
Caballos 7 432+6.7 395+37 261+09 344+40 63.1+11.943+19.8
Divino 9 20.1+04 204+08 16.0+16 188+28 20423 9584
Iguana 13 358+19 324+18 229+24 27.3+20 50.8+7.0 .2691.3
Quesera* 16 345+49 322+6.2 32.0+9.6 52.7+19.8 n.c. 113.4.331
Dubya 20 33828 31.1+24 232+22 297+25 442+39 (06214
El Tanque 28 16.6+4.6 17.0+3.7 150%+29 20.2+41 353+9.904.1+18.7
Santa Teresa 30 26.2+21 21.7+12 152+0.7 205+18 242+ 112.7+7.6
Chonco 40 27.9+32 259+21 20.7+20 289+36 362174 .43IA74
Premontane Wet Yucal 2 26.8x31 26310 243%15 41937 72.1 +£159 49187
Ttransition to Chupadero 6 216+x18 21.2+21 164+18 238=%37 309 +6.607.71+13.8
Basal, Pacific Lapas 10 199+10 199+12 144+12 199+22 244+35 [£1335¢)
Hotel 15 136+21 141+16 128+10 143+11 33957 88671
Luciano 22 249+27 206+17 151+14 181+24 26.6+4.6 54x11.0
Premontane Wet Cano 3 442+18 33023 26921 38.1 £4.0 69.3 +8.1 211%2.7
Ttransition to SAT 900 6 37.7+43 291+23 235+16 31.7+19 48.0+3.7 .Q#5.3
Basal, Atlantic  Con Permiso 10 54.7+31 386+35 272+17 33.8+12 62.8+2216.2+5.9
SAT 1000 15 34.4+58 263+19 207+04 298+1.0 559+3467.2+10.5
Pao 21 39.2+33 267+12 222+07 29.1+14 675+41 186N+t
Cascada 26 46.1+16 358+34 263+20 357+26 69.4+3.4332485
Séabalo 27 39.7+27 27.1+20 223+13 329+28 659+59 .9874.3
SHO 750 32 53.0+39 33215 263+15 36.6+3.2 687 +44 7.2%+10.1
Tropical Wet Terciopelo 0.7 329122 33417 258 +1.7 .23¥3.8 68.0 +6.9 197.2 £14.3
TUVA 1 191+08 223+1.0 151+09 28023 34043 1184%
Culebra 3 331+30 325+28 245+22 323+18 58.0+54 .38013.9
La Huerta 65 21.7+10 241+15 146+21 287 +16 3553t2.124.6 +4.7
Don Juan 9 39.1+29 36.1+26 292+24 385+19 659+24 882487
Tirimbina 18 41.2+21 356+24 265+18 399+15 60.6+3.203.8+9.5
Piro 20 19.2+1.4 212+16 122+17 21.0+13 254+10 9846t
Pumilio 25 40.6+1.7 32916 243+09 31.0+13 557+31 4.6849
4 Rios 29 31.7+18 294+0.7 232+08 31.7+22 541+28 .N#Hb.4
Caliente 35 322+26 36.0+24 221+4.0 294+21 27.2+3.647.0+11.3
Palma Real 60 195+36 20.2+21 13.3+18 21.9+20 22.B+3.97.2+10.2
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Table 3.3. (Continued)

Age Depth interval (cm)

Life Zone Site Name (yrs) 0-10 10-20 20-30 30-50 50-100 Total

Premontane Rain Volcan 05 29.3+23 314+18 27.1+32 35%A.8 941+6.6 239.3+12.2
Virgen Maria 10 43.2+4.1 402+21 373+32 634137 94m#4 2783 +20.5
Aleméan 15 520+20 372+12 31.6+20 479+21 957 +10.74.2611.2
Cornelio 19 495+33 329+43 288+20 61.8+7.7 114.4810287.5+20.4
Milpa 20 46.4+30 387+28 378+33 603+59 748+115 .05820.6
Dos Ases 20 529+34 398+24 334+15 484+13 99.0 £7.473.2+45
Cambronero 30 51.3+24 383+25 315+26 51.8+3.0 109.2+6282.0+10.1
Hondura 35 47.3+15 443+16 426+1.8 75025 106.1+7.515.83+7.2
Vargas 40 60.7 +2.6 423 +4.0 39.6+23 46.2+31 107.8+6.4 6.2216.3

Kraven S.A. 50 544 +22 446+23 415+26 65.0%43 84.D21 289.7 +17.0
Notes: "n.c" indicates samples were not collected.” indicates insufficient data to
calculate SE. Total soil C in sites marked with f&presents C pools to reported
sampling depths.

The relative amount of measured TEC in secondagsts compared to that in
primary forests varied across life zones. TEC ig forests> 26 yr were > 260

Mg-ha' (Table 3.2), or ~ 20% greater than those measorpdmary forests
(Kauffman and Hughes in prep.; Table 3.2). This medect site differences as
primary forests are now largely restricted to maaghabitats which would result in
lower C pools than what would occur if primary feteewere growing on more
productive sites currently used for agriculturecémtrast, TEC pools in forests > 26
yr in the Premontane Wet - Atlantic life zone w8B% (302 Mg-h3, Table 3.2) of
primary forest TEC pools. Similarly, TEC pools if 3 40 yr Premontane Rain forests
represented close to 90% (423 — 440 M{)hd the TEC measured in primary forests
(Table 3.2). Secondary forests in the Premontane-\Wacific life zone had the
smallest TEC pools compared to those in primargdts;, ranging from 116 to 150

Mg-ha?, or about 50 to 60% of primary forest TEC in fasel0 and 22 yr,
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respectively (Table 3.2). Overall, these resultnaiestrate secondary forests 20 — 30

yr-old growing in a diversity of climates seques®gnificant amounts of carbon.

Partitioning of Total Ecosystem Carbon

Soil is an important and large component of TECaMged soil C to 1 m depth
comprised 71 to 79% of the TEC in all life zonekeTaverage proportion of TEC in
soils did not differ considerably between life zenut it decreased as forests aged
and aboveground C pools increased (Table 3.2hdmMoist life zone, for example,
soils represented 89% of TEC (159 Mg him a 0.42 yr forest and 72% of TEC (185
Mg-ha') in a 40 yr forest (Table 3.2). Similarly, in tReemontane Wet - Atlantic life
zone, soil C represented 94% of TEC (225 M{)lia a 3 yr forest and 71% (309
Mg-ha') in a 32 yr forest (Table 3.2). In contrast, TA@@bIs represented an
increasing proportion of TEC with increasing sea@mydorest age. TAGC pools in
forests< 10 yr in all life zones represented an average &P¥EC pools (range: 3 —

24%). In forests 20 — 30 yr, TAGC pools represerzizdo 38% of TEC pools.

Ecosystem Carbon Sequestration

Predicted ecosystem C was greater in Wetter lifeegahan in Drier ones. For
example, predicted ecosystem C in forests ~ 16 ffme Dry, Moist and Premontane

Wet - Pacific life zones ranged between 52 and &7his". In contrast, in similarly-
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aged forests, predicted ecosystem C was 101 — XpHaVin the Wetter life zones
(Table 3.2). This difference persisted as foregeslawith ecosystem C in Drier life
zones reaching 110 — 156 Mghand Wetter life zones reaching 157 — 209 Mg;ha
in ~ 30 yr after pasture abandonment (Figure ®2y.estimates of predicted
ecosystem C were smaller than TEC calculated baséeld measurements (Table
3.2) because predicted ecosystem C only considsie@ pools to 25 cm depth. The
differences were not related to forest age but wkghtly larger in Wetter life zones
and in Drier ones (Table 3.2). For example, meadipted TEC was 40 to 46% of
measured TEC in the Premontane Wet - Atlantic aedhBntane Rain life zones. In
contrast, mean predicted TEC was 67% of measuré&lifithe Premontane Wet -

Pacific and Dry life zones (Table 3.2).

Across life zones, mean annual rates of ecosysteeqGestration were significantly
higher (p < 0.0001) in secondary forest$0 yr (mean= 11.5 Mg-Hayr™) than in
older secondary forests. Mean annual C sequestrattes were 7.2 Mg-Hayr* in
forests 20 yr and 5.7 Mg-Har! in forests 10 — 20 and 20 — 30 yr, respectivelgai
annual C sequestration rates were lowest in fore8&yr (mean= 3.9 Mg-Hayr™;

p <0.0109, Figure 3.2).

Maximum rates of TEC sequestration were lowest g7h\al-yr'l) in the Dry life zone
and ranged from 14 to 33 Mg-har* as precipitation continued to increase. However,

maximum rates of TEC sequestration declined to f2hst™-yr* at the wettest and
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coolest extreme of our climatic gradiené(the Premontane Rain life zone). We

found a similar trend in mean sequestration ratesasystem C sequestration. Forests
in the Dry, Moist, and Premontane Rain life zonad the lowest mean annual rates of
C sequestration (5 — 7 Mg-har?) of all life zones. In contrast, mean annual
sequestration rates ranged between 9 and 12 Mgian the remaining life zones.
Only mean annual C sequestration rates betweerghand Wet life zones were

statistically significant from each other (p= 0.003

Based on the ecosystem C of primary forests weatXxpghest C sequestration (380
Mg-ha') in the Premontane Rain life zone (Figure 3.2)e Phemontane Wet -
Atlantic and Wet life zones will reach TEC betwe88 and 331 Mg-ha while the
remaining life zones will reach TEC between 170 268 Mg-h& (Figure 3.2,
Kauffman & Hughes in prep.). We predicted secondiargsts would attain ecosystem
C > 90% of that in primary forests in 44 — 62 yearghi@ Dry, Moist, and both
Premontane Wet life zones (Table 3.4). In contitigtould take 83 to 105 yr for
secondary forests in the Premontane Wet — AtlamdPremontane Rain life zone to

reach TEC equivalent of that in primary forestsl€z3.4).
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Figure 3.2. Ecosystem C (Mg:Hasequestration through time (years) in secondary
forests of six life zones in Costa Rica. Curveseasent natural growth functions fitted
to the secondary forest ecosystem C data. Datagpmirthe right represent ecosystem
C in primary forests (Kauffman & Hughes in premygluding root C calculated after
Cairnset al. (1997), and soil C to 30 cm depth (Kauffman & Hegln prep.). Life
zones are: Dry: Tropical Dry forest; Moist: Trodidéoist forest; PM Wet P:
Premontane Wet Transition to Basal - Pacific fore Wet A: Premontane Wet
Transition to Basal - Atlantic forest; Wet: Troplid&et forest; PM Rain: Premontane
Rain forest.
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Table 3.4. Equations for predicting ecosystem C-fd}) sequestration in secondary
forests growing in six life zones of Costa Rica.

Time to> 90%

Life Zone EGra b, ECa
(Mg-hda) () n Pseudo-R (years)
Tropical Dry 169.7 0.0520 10 0.98 44
(0.0055)
Tropical Moist 209.3 0.0381 9 0.92 60
(0.0058)
Tropical Premontane Wet, 209.3 0.0475 5 0.93 48
Transition to Basal - Paci (0.0092)
Tropical Premontane Wet, 268.2 0.0371 8 0.98 62
Transition to Basal - Atlant (0.0034)
Tropical Wet 330.7 0.0276 9 0.95 83
(0.0032)
Premontane Rain 380.2 0.0220 9 0.97 105
(0.0020)

Notes: Equations are of the form EECya*[1-exp*(-b.*t)] (Sit & Poulin-Costello
1994). EGis the ecosystem C (Mg-Hefor secondary forests at time t (age of
secondary forest, yr); EGyis the ecosystem C (Mg-hemeasured in primary forests
(Kauffman & Hughes in prep.), including root C adlted using equations from
Cairnset al. (1997), and soil C to 30 cm depth (Kauffman & Hegln prep.); bis
the rate at which ecosystem C approacheg.kStandard errors of regression
coefficients (SE) are in parentheses. The equétiomropical Premontane Wet
Transition to Basal Pacific life zone was statetic significant atu= 0.0016.
Equations for all other life zones were statisticalgnificant ato. < 0.0001. Pseudo-
R? calculated after Schabenberger & Pierce (200M)eTio> 90% EGhae -In(0.1)/h
(Olson 1963).

Discussion

Tropical secondary forests play an important roléhe sequestration of atmospheric
C. However, explicit quantifications of total ecetym carbon (TEC) pools in tropical

secondary forests are extremely rare (Clark 20Bfidies of C dynamics have
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concentrated on either above or belowground C pduiis is the first study to
determine total ecosystem C pools and rates ofes@tion of secondary forest
stands growing along a broad gradient of tropitalates and to quantify the potential

of these forests to sequester atmospheric carbon.

Total Aboveground Carbon

As predicted, we found smaller secondary forest TA®o0ls and rates of
sequestration in the Drier life zones than in Wettees. This is consistent with
previous predictions of increasing C with greatatew availability (Chapter 2, Silver
et al. 2000a). TAGC in our study was smaller than thereges given by Vargas al.
(2008) for Dry Mexican forests < 20 yr, but werggker in forests > 20 yr. Vargats

al. (2008) reported TAGC of 19 Mg-han a 9 yr forest and ~ 39 Mg-hin forests

> 28 yr. In contrast, we measured TAGC of 5 artD Mg-h& in forests 9 and 27

yr, respectively (Table 3.2).

The TAGC measured in forest226 yr in our study was similar to that measured in
primary forests by Vargaat al. (2008) and those reported by Jarangtial. (2003).
This is possibly a reflection of the smaller stataf the drier Mexican primary forests
compared to forests at our Costa Rica sites, wdnierat the mesic extreme of Tropical
Dry forest (Murphy and Lugo 1986). In contrast, TB@e measured in Dry forests

> 26 yr was greater than in Costa Rican primarysisréTable 3.2, Kauffman &
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Hughes in prep.). We suggest remaining Dry prinfargsts in Costa Rica have lower
than expected TAGC because they are growing oninargjtes. In addition, the
current fragmented nature of these forests (Arfglgma et al. 2005) may have
negatively affected their structure and reduced titwoveground biomass (Laurance

2004).

TAGC in Moist forests ranged from 15 Mg-him a 7 yr forest to 42 Mg-Han a 40

yr forest (Table 3.2). These values represente8% @f TEC and are lower than
TAGC measured in other Moist forests. For examphC in Brazilian forests
ranged from 16 to 46 Mg-Han 4 yr second- and third-growth forests (Hugbtes .
2000), 34 to 92 Mg-hain forests 5 and 20 yr (Steininger 2000), 54 — ¥28ha" in
forests 4 — 14 yr, and between 157 and 271 Myid0 yr forests (Ferreira & Prance
1999). Our data is most comparable to that of reggighere low soil nutrient
concentrations, previous land-use history, or aldoation of these factors negatively
impact forest regrowth. Saldarriagizal. (1988), for example, reported TAGC pools
< 36 and 52 Mg-h4in forests < 20 and 30 — 40 yr growing in the mitgophic Rio
Negro Region of Colombia and Venezuela. For comspariforests < 20 yr in our
study averaged 33 Mg-fhaand forests 30 — 40 yr ranged between 37 and gtaat
Similarly, Uhl et al. (1988) reported and average TAGC of 26 Mg-ma7 — 8 yr
Brazilian forests growing in areas previously exggbt moderate pasture use

intensity. We thus conclude Moist forests had sstyaton rates at the low end of the
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Neotropical Moist forests because of nutrient-psmts, likely related to long legacies

from previous land-use.

In the Wet life zone, TAGC pools were 8, 118, a#8 Mg-h&" in forests< 1, 29, and
60 yr, respectively (Table 3.2). These values enda to Mexican Wet forests
measured by Hughesal. (1999), who found TAGC pools of 2, 122, and 136-Mg

in forests 0.5, 30, and 50 yr, respectively (TébB). Our results are also comparable
to those of Chacoet al. (2007), who measured 46 Mg-hBAGC pools in a 15 yr

Premontane Wet - Atlantic forest in Costa Rica.

This study is the first quantification of TAGC peaif tropical secondary forests
growing in the Premontane Rain life zone. Thus,esfimates are not directly
comparable with those reported for montane forelseswhere in the tropics. Despite
this limitation, our data are comparable to TAGCasweed at other montane
elevations. For example, we measured TAGC of 4%hiiigin a 15 yr Premontane
Rain forest (Table 3.2), while Fehateal. (2002) measured a TAGC of 45 Mg'ia a
15 yr, Polylepis-dominated forest of Ecuador. In addition, we meadTAGC of 117
Mg-ha' in a 40 yr Premontane forest, which is similathe 116 Mg-ha measured by
Fehsest al. (2002) in a 45 yrAlnus-dominated forest of Ecuador. In contrast,
Nadkarniet al. (2004) measured TAGC of 73 Mg-him a 40 yr Lower Montane

Moist forest in Costa Rica. Additional TAGC datarfr Premontane and Montane
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secondary forests are needed to further underst@ndpotential to accumulate

aboveground C.

Soil Carbon Pools

Mean soil C concentrations were higher in Wetteriones (Table 3.3) than in Drier
ones. Mean soil C concentrations to 1 m depth @dfrgen ~ 1% in Premontane Wet -
Pacific and Moist forests to 6.6% in PremontanenRaiiests (Appendix E). Primary
forest soil C concentrations similarly ranged betwé.5 to 8.8% in Dry to
Premontane Rain life zones respectively (KauffmaAughes in prep.). This increase
in soil C along a climatic gradient of increasinmggpitation and decreasing
temperature is consistent with general patterrigadfal soil C described by Pcettal.
(1982) and Amundson (2001), and with gradientsodfaganic matter in Costa Rican

soils (Alvarado 2006).

Soil C pools were also higher in Wetter life zottean in Drier ones (Table 3.3). For
example, mean soil C pools to 1 m depth rangeddetvt 18 and 127 Mg-fan the
Premontane Wet - Pacific and Moist life zones, eeipely. In contrast, mean soil C
pools to 1 m depth ranged between 157 and 278 Mdrh@&/et and Premontane Rain
secondary forests, respectively (Table 3.3). Wéifeezones tend to have greater soil
C pools than Drier ones because of higher rat®##f (Silveret al. 2000a). Although

direct comparisons are difficult to make becausedilersity of methods used,
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sampling of different depth®.(. Johnsoret al. 2001, Lugcet al. 1986), or even the
use of horizons instead of fixed sampling depthsg@&nberber and Zech 1999,
Vargaset al. 2008), our estimates are similar to soil C poefgorted elsewhere in the
tropics. Hughest al. (1999), for example, measured soil C pools to depth of 139
— 269 Mg-h# in Wet secondary forests in Mexico, compared toestimates of 99 to
209 Mg-hd for forests in the same life zone (Table 3.3)didlition, we measured an
average soil C pool to 1 m depth of 119 Mg-aMoist forests, while de Camargo
al. (1999) reported 103 Mg-Han a “closed capoeira” (secondary forest) in Brdai
the Premontane Wet - Atlantic life zone of CosteaRiSchedlbauer and Kavanagh
(2008) reported soil C pools to 30 cm depth raryedeen ~ 55 and 90 Mg-harhis
was similar to the 97 Mg-Hareported by Daqui (2006, cited by Chacon 2008)aurd

own estimate of 98 Mg-Hefor a similar soil depth (Table 3.3).

In contrast to conclusions from Brown & Lugo (19@Md Silveret al. (2000a), we
could not find evidence that secondary forest smtsumulate or increase soil C after
land use abandonment. The response of soil C pmalsanges in tropical land cover
from forest to agricultural lands of several typesl back to forest is still equivocal
and related to many site and land use factors &Gafford 2002, Murtyet al. 2002).
Some studies have documented increases of soiblS pfier pasture abandonment
(Bautista-Cruz & del Castillo 2005, GuggenbergeZeéch 1999, Luget al. 1986,
Silveret al. 2000a), while others have found the opposite t{dedKoninget al.

(2003), for young secondary forests). FurthermdeeCamarget al. (1999) found no
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differences in soil C pools to 8 m depth betweestyras, secondary forests, and a
primary forest of Brazil. Similarly, Hughes al. (1999) did not find changes in soil C
pools along a sequence of land use typespastures, pastures and cornfields, and
secondary forests) in Mexico, and Schedlbauer &akagh (2008) did not find
increased soil C storage in a chronosequence ohdacy forests 0 — 30 yr in Costa
Rica. Most of the secondary forests we sampled aise< 30 yr (Table 3.2). Brown
and Lugo (1990) and Conehal. (2003) suggest > 40 yr may be required to detect
changes in soil C. Chronosequence studies sudteames we used may be too coarse
to determine the rate of soil C accumulation it ttade is in the range of 0.2 — 1
Mg-ha'-yr* reported by Silveet al. (2000a). This represents < 1% of the soil C pools
we measured in Dry forests, a negligible amourhefsoil C pools in the Premontane

Rain life zone, and well within the errors of oangpling (Table 3.3).

Differences in soil type, texture, clay mineralogpd OM complexes (Hughesal.
1999, Powers & Schlesinger 2002, Sileeal. 2000b) within a life zone may have
also impaired our ability to detect differencesail C pools with secondary forest
age. For example, Guggenberger and Zech (1999 numttied soil C increased over
succession in Inceptisols, while Hugleesl. (1999) found no changes in soil C while
working in an area dominated by Andisols. Finallijferences in the type and
intensity of land use can influence trends of €odccumulation in secondary forests

(Buschbacheet al. 1988, Fearnside and Barbosa 1988, Sivat. 2000a), further
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increasing the variability of soil C pools withidige zone and precluding us from

detecting differences in soil C pools among foeests.

Our results do not necessarily imply soils are stagic condition; changes in soil C
fractions have been documented in soils followargdl use conversions (Ehleringger
al. 2000, Guggenberger & Zech 1999, Muetyal. 2002, Neillet al. 1997,

Schedlbauer & Kavanagh 2008). For example, althalggB@amarget al. (1999)

found no differences in soil C pools to 8 m depthween pastures, secondary forests,
and a primary forest of Brazil, the soil C fracsomere different among these land
cover types. We suggest isotopic measurements no&idp a more sensitive
indication of recovery of internal soil C cyclinggeesses than do measures of soil C
pools. In addition, we conclude our approach mayhage been sufficient to control
for variation in soil properties and detect sulsti@anges in soil C pools with

increasing forest age (Paatal. 2001).

Total Ecosystem Carbon Pools

We found Wetter life zones had larger TEC poolsithaer ones (Table 3.2). TEC

reported by Chacoet al. (2007) was 16% higher than our data for a 15 sedbin the
Premontane Wet - Atlantic life zone. Our TEC dataWet forests (Table 3.2) were
also lower than those reported by Hugltesl. (1999), who found TEC ranged from

156 to 348 Mg-hain Wet forests 4 — 30 yr. In Mexican Dry forestsrgaset al.
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(2008) reported TEC, calculated with soil C pools-t7 cm depth (Vargas, personal
communication), ranged from 21 to 120 Mg*tia 1 — 29 yr forests. In comparison,
our TEC estimates, calculated with soil C poold@am depth, are similar, ranging

between 31 to 112 Mg-Hdor Dry secondary forests 9 to 27 yr (Table 3.3).

Measured soil C pools were large and varied coreldig within life zones (Table
3.3), which impacted our ability to find differerscen TEC with secondary forest age.
For example, TEC pool in a 18 yr Wet forest was Ifi¢@ater than that measured in
the older forest because of the large size oftleCspool (Table 3.2). A similar
situation was apparent in the Premontane Wet {fiPdite zone, where the large soil
C pools in a 2 yr secondary forest resulted iraiting greater TEC pools than older
secondary forests (Table 3.2). Thus, we concludedétecting changes in the size of
TEC pools in secondary forests might only be pdssilhen the variability in soil C
pools along a chronosequence is low. This highdigihé importance of controlling for
soil variability, previous land-use history, anth@t intrinsic site factors to quantify
the potential of secondary forests to regrow amdiatilate C (Birdsey & Weaver
1987, Hughest al. 1999, Uhlet al. 1988). In addition, it illustrates the difficulief
properly interpreting ecological patterns of reaguesing chronosequences (Dewalt

et al. 2000, Schedlbauer & Kavanagh 2008).



103

Predicting Ecosystem Carbon Sequestration

Our predictions of soil C to 25 cm depth are likdlg largest source of bias in the
calculation of predicted ecosystem carbon becanis€ sepresents an average 44 to
67% of predicted TEC across all life zones (TabB®).3.ife zone-specific equations to
predict soil C accumulation are available onlyBwy and Moist climates, and we
used a generic equation (Sihatral. 2000a) to predict soil C in the remaining life
zones. However, soil C accumulation varies withimmental variables such as
temperature (Raicét al. 2006) which suggests a single equation may beemzate to
predict soil C across a variety of climates. Iniadd, only the equation for Dry
forests has high predictive powef=10.99, compared tG¥ 0.11 and 0.23 for the
remaining equations; Silvet al. 2000a), adding to the uncertainty of estimatingy so

C.

Estimates of root C are also likely contributorshte uncertainty of potential TEC. In
our study root C represented ~ 20% (range: 18 9)30%AGC across all life zones
(Table 3.2). However, roots represented 55% of TABBondary forests in the
Premontane Moist life zone of Colombia (Siesral. 2007), between 6.8 and 8.5% of
TAGB in Dry secondary forests in Mexico (Jaramdtal. 2003), and between 13 and
21% of TAGB in Moist secondary forests of Colomaral Venezuela (Saldarriaga

al. 1988). The amount of root C apparently variesttyemross different sites, life

zones, and possibly forest ages. Thus, a singlatiequfor estimating root biomass,
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such as the one proposed by Caetral. (1997), across a diversity of climates is

inadequate for proper quantification of root C.

The C concentration in roots may also influencesilae of our root C estimates. We
calculated root C assuming their C content matdieglobal estimate of 49% C
content (Jacksoe al. (1997). However, published C concentrations gbitral roots
vary from 39 to 50% C (Gifford 2000, Jacksaral. 1997, Jaramill@t al. 2003,
Naddlehoffer & Raich 1992, Vargasal. 2008). In addition, root C concentration was
38 and 42% C in roots 4 and 20 mm (Jaramillet al. 2003), suggesting a single
value for root C concentrations may not be adediaatgroperly calculating root C
pools. Despite these sources of error, root kedylia small contributor to the
uncertainty around predicted TEC because it reptesemean of 4 — 5% (maximum
12% in a 60 yr Wet forest) of TEC across all litmes and forest ages. For example,
assuming root C concentrations were 39% C, pratlitEeC would decrease only by
1%. More attention needs to be devoted to quantiffselowground C in roots and

mineral soil to improve our estimates of TEC acclatnon in secondary forests.

We found ecosystem C sequestration rates were t@awése dry and wet extremes of
our climatic gradient. In our study, mean annuakjpitation was< 2500 mm in the
Dry and Moist life zones, and reached 5200 mm enRhremontane Rain life zone
(Castro 1992). While increased water availabilitgmpotes forest growth in Dry

forests, increased mean annual precipitation irgxof 2445 mm may reduce forest
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productivity by decreasing radiation inputs, in&ieg nutrient losses, or reducing soil
oxygenation (Schuur 2003). Our mean and maximuraestration rates suggest
secondary forest growth responds positively toaased precipitation up to

~ 4100 mm and then declines, possibly becausdearictions with higher mean

annual temperature (Chapter 2, Brown & Lugo 198icRet al. 2006).

Our data demonstrate how TAGC, and hence ecosyStentreases with forest age.
We also found that sequestration rates and C satnidavels differ among life zones.
The potential of secondary forests to accumulatea® decrease in the future due to
anticipated changes in climate for Costa Rica (Ga1i®99, MINAE/IMN 1996). For
example, reduced precipitation and higher tempezatonay increase tree mortality
(Clark 2004) and may even lead to widespread fa@tipse due to drought and fire
(Lewis 2006). In addition, greater air temperattwald cause a decreasese in soil C
pools by accelerating decomposition rates (Rai@h. 2006), consequently offsetting
the potential for secondary forest ecosystemsdaesger atmospheric C. Long-term
monitoring of ecosystem C pools (Clark 2007) irpteal forests would provide
further insights into their ecophysiological respero global climate change. This
would help resolve our understanding of whetheepial C losses into the
atmosphere from primary forest degradation, agiicel) and other human activities

can be offset by secondary forest growth.
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CHAPTER 4

PREDICTING THE POTENTIAL OF TROPICAL SECONDARY FORHS IN
COSTA RICA TO MITIGATE CARBON LOSSES FROM PRIMARYGRESTS
OVER A CENTURY OF CLIMATE CHANGE
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Abstract

In addition to carbon losses into the atmosphecatlse of current deforestation and
forest degradation, tropical primary forests mdgase more carbon because of future
climate change. Secondary forests can accumulage éanounts of carbon and may
thus be used to offset carbon losses from prinangst degradation. The amount of
carbon released from primary forests typical oéfie zones in Costa Rica under two
possible climate scenarios until the year 2100 eedculated. Over the century,
changes in the area of secondary forest and olstkaneimulation rates were used to
calculate total aboveground carbon accumulatioré&mh life zone. An expected 20%
decrease in precipitation and a 4 °C increasempégature across Costa Rica were
predicted to result in a 65 Tg C loss from primfamgsts. Secondary forests would
have to cover 19% of each life zone to offset this of C. Moist and Premontane

Wet Transitional Forests would be expected to s&gué¢he most carbon. Under
similar warming conditions, but with precipitatidecreasing by 20% in the Pacific
region of Costa Rica while increased by 20% inGlaeibbean region, the C loss from
primary forests was predicted to be < 6 Tg. Alreadiablished secondary forests
would sequester 23 Tg of C by 2100 under this dinsaenario. The most likely
climate scenario for Costa Rica is one of warmingd drying conditions throughout
the country. Consequently, reestablishment of sgayrforests should be encouraged

to minimize net carbon loss over the century.
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Introduction

Deforestation constitutes a significant sourceavbon from most tropical regions.
Although the data vary depending on the methodd (Ramankuttyet al. 2006),
published estimates are as high as 2.2 Pdeyrthe 1990s (Houghton 2003), which is
similar in magnitude to the northern mid-latitudieksestimated by Gurnest al.

(2002). In Costa Rica, strict laws instituted ie thid 1990s have resulted in the
stabilization or increase of the total forest g@alvo-Alvarado & Sanchez-Azofeifa
2007, Kleinnet al. 2002), which translates into limited or no carleonissions from

primary forest land use change.

Despite the stabilization of their area, primarekis can still be significant sources of
carbon to the atmosphere because, in additioretdeleterious effects of
fragmentation (Laurance 2004), ongoing climate gleamay further degrade primary
forest structure and biomass (Clark 2004). If C&3ta is to meet its goal to become
carbon neutral by the year 2021 (Ruiz & Monge 20@8hust ensure that additional
carbon emissions from degrading primary forestdatanced by sequestration

efforts.

Secondary forests have the potential to sequestge Bmounts of carbon (Silvetral.

2002). In Costa Rica, a rapid decline in cattlechemg since 1990’s (Arroyo-Moret
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al. 2005), coupled with government payments to engmufarest regeneration
(Mirandaet al. 2006), have led to an increase in secondary frésese forests may
now cover as much as 25% of the country (Klezhal. 2005) and have been
estimated to sequester up to 300 — 400 Mg €Ein&0 years after pasture

abandonment (Chapter 3).

Estimates of carbon sequestration by secondargt®ege generally made with the
assumption that the total aboveground carbon (TAStprically reported for

primary forests (Gay IS a reasonable and attainable restoration @iizter 3,
Hugheset al. 1999, Vargast al. 2008). G,ax represents the potential of TAGC for a
specified type of tropical forest under this asstiomp However climate change is
likely to affect the dynamics of current and futtweests (Clark 2004, Lewis 2006,
Wright 2005). It is thus necessary to determinetiviesecondary forests growing in a
variety of tropical climates will maintain their fgmtial to act as carbon sinks and

offset carbon losses from primary forest degradatioe to climate change.

In this study we propose: (1) to calculate the amad C that would be released into
the atmosphere from primary forests in the nextugrunder predicted changes in
climate, and (2) to estimate whether secondarysteneould be able to sequester
enough atmospheric C to offset the loss from prnfiairests. We used a relationship
established between annual mean temperature acigipagon with total

aboveground carbon to predict gradual changesirt€ the end of this century. In



118

addition, we analyzed{x on a yearly time-step to calculate the net C acdated by
secondary forests. Our simulation does not considanges in the frequency or
intensity of disturbance eventsd. ENSO, fires, etc.), which would further affect the

C balance.

Methods

Climate and Total Aboveground Carbon in Primary Forests

We used the NLIN procedure in SAS 9.1.3 (SAS losiR000) to describe the
relationship between primary forest total abovegrboarbon (Ga, Mg-hat,

Kauffman & Hughes in prep.) and the ratio of meanual temperature (T, °C) to
mean annual precipitation (P, mm) for primary ftseff Costa Rica. Mean annual T
and P for each life zone were derived from Cast892). This ratio (T/P ratio) serves
as a simple index of potential availability of watie plants in an ecosystem. A more
precise index of water availability to plants ig tatio of potential evapotranspiration
to precipitation (Brown & Lugo 1982), but the daieded to calculate this ratio were
lacking. Tropical Dry forests in Costa Rica grondenmore mesic conditions than
other Dry forests in tropical America (Murphy & Loid.986). Thus, to extend the T/P
ratiovs. Cnax relationship to drier forests elsewhere in th@its, we used data from

Jaramilloet al. (2003), and Delanesgt al. (1997).
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Current and Future Total Aboveground Carbon

Calculations of total C pools for a life zongy&eand secondary forest TAGC were
restricted to the Tropical Dry, Tropical Moist, Rrentane Wet Transition to Basal,
Tropical Wet, and Premontane Rain forest life zditesdridge 1967) of Costa Rica.
Together, these life zones represent a climatidigna ranging from hot and dry to
cool and wet conditions. The current area of primeard secondary forest for each life
zone was obtained by overlaying the most recemestarover (Calvo-Alvarado &
Sanchez Azofeifa 2007) and the Holdridge Life Z¢@Belafios & Watson 1993) maps
for Costa Rica in a GIS (Vicente Watson, unpublistiata). We calculated C pools
for each life zone by multiplying the TAGC of prinygKauffman & Hughes, in

prep.) and secondary forests (Chapter 3) by tloeresponding area (Table 4.1).
Calvo-Alvarado and Sanchez-Azofeifa (2007) clasdiecondary forest ages as < 5,
<15 yr, and “secondary growth”. Given historicatterns of land use and
abandonment in Costa Rica (Berti 2001), we assuoredts in the “secondary
growth” category were all 30 years old. We alsaias=d the proportion of secondary
forests of different ages reported by Calvo-Alvaradd Sanchez Azofeifa (2007) was
constant for all life zones because data descrithagge distribution of secondary
forests within most life zones are lacking. TAGGsetondary forests was then
calculated by partitioning the area within a lifene by age categories and multiplying

the resulting areas by their corresponding C pd@lsrent secondary forest TAGC for
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each age category was calculated by fitting thep@taa-Richards function (Richards
1959, Sit & Poulin-Costello 1994) to data from Ctesy8 of this dissertation (Table

4.2).

Table 4.1. Area (x 1000 ha) of five life zones &nd forest types of Costa Rica under
current and predicted climate by the year 2100.

Current Climate Predicted Climate Scenarios by 2100

Life Zone Total Primary Secondary Life Zone % Life Zone %

Life Zone Forest Forest Scenario 1 Change Scenario 2 dehan
Tropical Dry 116 41 5 724 623 674 580
Tropical Moist 715 214 a7 2381 333 858 120
Premontane Wet
Transition to Basal 707 190 18 940 133 530 -25
Tropical Wet 833 452 18 233 =72 1583 190
Premontane Rain 437 319 5 0 -100 568 130

Notes: Current area of life zones by Bolafios ands@/a(1993) and current area of
primary and secondary forest by Vicente Watson (bhphed data) derived from GIS
data. Scenario 1: Area of life zone calculated ms3g a 20% decrease in
precipitation (P) and an increase of 4 °C in terafpge throughout Costa Rica.
Scenario 2: Area of life zone calculated assumi@§% decrease in P in the Pacific
region of Costa Rica, a 20% increase in P in tHamit region of Costa Rica, and an
increase of 4 °C in temperature throughout Costa.Rilimate Scenarios 1 and 2
correspond to “Dry 20/4” and “Dry-Wet 20/4” scerua; respectively, by Enquist
(2002).

To predict future TAGC pools, we used two climatergrios developed by Enquist
(2002) for Costa Rica. Under Scenario 1, a 20%edse in precipitation and an
increase in temperature of 4 °C is expected throufgine country. Scenario 2 predicts
a 20% decrease in precipitation in the dry Pacdgion of Costa Rica, with a
concurrent 20% increase in precipitation for theé Garibbean region, and a 4 °C

increase in temperature across the entire counttigdyear 2100. Current

temperature and precipitation were modified to mmabese climate scenarios, and the



121

T/P ratio for each life zone was recalculated agiogly. To match these projected
future climatic conditions by the year 2100, weuassd precipitation and temperature
would change at a constant rate of £ 42 mm andt3 € per decade, respectively.

No other disturbances that could alter forest ghoglytnamics were considered.

Table 4.2. Equations for predicting total aboveguarbon (TAGC, Mg-hY in
secondary forests growing in five life zones of adrica.

Life Zone Cinax b,
(Mg-ha')  (yr'? b, n Pseudo-R

Tropical Dry 73.0 0.1128 5.4029 10 0.95
(0.0330) (3.2912)

Tropical Moist 122.8 0.0343 1 10 0.95
(0.0390) --

Tropical Premontane Wet, 137.9 0.0304 1 8 0.98

Transition to Basal (0.0024) - -

Tropical Wet 215.0 0.0183 1 11 0.97
(0.0015) --

Premontane Rain 206.9 0.0199 1 10 0.97
(0.0016) - -

Notes: Equations are of the form TAGWCa*[1-exp*(-b1*1)] °2 (Sit & Poulin-

Costello 1994). TAGQs the TAGC (Mg-ha) for secondary forest at time t (age
of secondary forest, yr),axis the TAGC measured in primary forests of a given
life zone, h is the rate at which TAGC approaches£hy is the inflexion
parameter of the curve. The equation witftabd b parameters is a Chapman-
Richards function fit, whereas equations with gpdyameter bare natural

growth function fits. Standard errors of regressiogfficients (SE) are in
parentheses. Equations were statistically signifieaa < 0.0001. Pseudo®R
calculated after Schabenberger & Pierce (2001).

We then calculated the TAGC of primary forests with life zone under the two
climate scenarios using the T/P ratio ig.egression (Figure 4.1), assuming the area

of primary forest will remain constant into the y2400. We compared current and
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future TAGC of primary forests for each life zowedetermine the loss of C. We used
non-linear functions (Table 4.2) to predict secaopdarest TAGC in each life zone.
To accommodate the assumption of continuous clictzege into the year 2100,
Cmax in the Chapman-Richards function (Table 4.2) wijssted to the T/P ratio
calculated on a yearly time step. Finally, we asstithe area of secondary forests
would increase over time at a constant annual Yd&emanipulated this rate such that
5, 10, 15, 20, or 25% of the area of a life zonelde occupied by secondary forests
in 2100. This increase in forest area is consistatfit Costa Rica’s current policy of
promoting forest regeneration (Pagiola 2008, Zbingld_ee 2005). We assumed
secondary forests would not exceed 25% of the@radife zone based on data from
field inventories (Kleinret al. 2005). We then used a time matrix of increasing
secondary forest area and decreasing © calculate secondary forest TAGC for
each life zone by the year 2100. To serve as aamde, we also calculated secondary

forests TAGC assuming climate would remain uncherige2100.

Results

Climate and Total Aboveground Carbon in Primary Forests

We found a strong relationship between TAGC of pmyrforests and the T/P ratio

(Figure 4.1; pseudoR 0.97, p < 0.0001). Primary forests growing ie lifones with
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higher precipitationi(e. Tropical Wet and Premontane Rain forests) hadigrea

TAGC than Moist and Dry forests (Figure 4.1).
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Figure 4.1. Relationship between total abovegrazarion (TAGC, Mg-hd) of
primary forests and the mean annual temperaturg)Tto mean annual precipitation
(P, mm) ratio (T/P ratio). The two data pointshe far right are from Jaramilla al.
(2003) and Delanest al. (1997); remaining data from Kauffman & Hughesgrep.).
Error bars represent + 1 SE. Pseuds-R— (SSE/SST) (Schabenberger & Pierce
2001). Life zones are: Dry: Tropical Dry forest, igto Tropical Moist forest, PM Wet
T: Premontane Wet Transition to Basal forest, Wedpical Wet forest; PM Rain:
Premontane Rain forest.
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Total Aboveground Carbon in Primary Forests

Under current conditions, TAGC of primary forestishin a life zone was smallest in
the Dry life zone (4 Tg), intermediate in the Maasid Premontane Wet Transition to
Basal life zones (25 and 33 Tg, respectively), langest in the Wet and Premontane

Rain life zones (73 and 94 Tg, respectively, Figu).

In general, the aboveground C pools of primarydtsrén Costa Rica are expected to
decline over the coming century. Under ScenariadLacross all life zones, TAGC of
all primary forests decreased to 71 to 73% of theginal values. The largest
decrease in TAGC is projected to occur primarilyhie Wet (26 Tg) and secondarily
in the Premontane Rain life zone (21 Tg, Figurg.4rcontrast, TAGC should
decrease by only 1 Tg in the Dry primary forest&l by 9 and 7 Tg in the Premontane
Wet Transition to Basal and Moist primary fores¢espectively. Overall, primary

forest C pools in the five life zones would deceehy 65 Tg (Figure 4.2).

Under both climate scenarios, TAGC of primary ftges the Dry and Moist life

zones would be 3 and 18 Tg, respectively (Figu2¢ hese pools would be the same
regardless of the scenario because both assunlarsimanges in precipitation and
temperature for the two life zones. Under Scen2ribAGC in Premontane Wet

Transition to Basal, Wet, and Premontane Rain fsrgsould remain constant or
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increase slightly compared to current climate (FglFigure 4.2). Under Scenario 2,
the net C loss from primary forests for the fivfe kones would be < 6 Tg (Figure

4.2).
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Figure 4.2. Total aboveground carbon (TAGC, Tgpriimary forests growing in 5 life
zones of Costa Rica under current climate conditeomd two potential future climate
scenarios. Current Climate represents existing TA&nario 1 represents TAGC
calculated assuming a 20% decrease in precipité@pand an increase of 4 °C in
temperature throughout Costa Rica; Scenario 2 septe TAGC calculated assuming
a 20% decrease in precipitation (P) in the Pao#ggon of Costa Rica, a 20% increase
in P in the Atlantic region of Costa Rica, and acrease of 4 °C in temperature
throughout Costa Rica. Climate scenarios 1 ana@ fature area of each life zone
correspond to “Dry 20/4” and “Dry-Wet 20/4” scerta; respectively, by Enquist
(2002). Life zones are: Dry: Tropical Dry forestplgt: Tropical Moist forest; PM
Wet-B: Premontane Wet Transition to Basal foreset\Wropical Wet forest; PM
Rain: Premontane Rain forest. Total bars reprabendum of TAGC across the 5 life
zones.
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A reduction in precipitation coupled with warmemigeratures would have a
disproportionate negative effect on the total algoeend C of primary forests
compared with increasing both temperature and pitation. For example, in
Scenario 1, primary forest TAGC pools in the Pretana Rain and Wet life zones
declined by 21 and 26 Tg (Figure 4.2). In contres§cenario 2, primary forest
TAGC was predicted to remain unchanged in the Pnéam@ Rain life zone and to

increase by only 1 Tg in the Wet life zone.

Total Aboveground Carbon in Secondary Forests

If we assume the area of secondary forest withiiie Zone remains constant, the
Moist life zone had the most gain in TAGC acros<lahate scenarios (Table 4.3).
However, TAGC for the Moist life zone under Sceoarl and 2 was 72% of that
calculated under current conditions. We found alaimneduction in TAGC in the Dry
and Premontane Wet Transition to Basal life zoResexample, in the Premontane
Wet Transition to Basal life zone, TAGC decreagedf6 Tg under current
conditions to 4 Tg under Scenario 1 (Table 4.3rdntrast, TAGC in the Premontane
Wet Transition to Basal life zone was 5% largeram8icenario 2 than under current
conditions. Secondary forest TAGC in the Wet litme under Scenario 1 was 71% of
that under current conditions (Table 4.3). In corigma, TAGC was only 1% greater

in the Wet and Premontane Rain life zones undemn@t®2 than under current
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conditions. When comparing across all five life gensecondary forest TAGC
calculated under current conditions was 1.1 andaribfe than under Scenarios 2 and
1, respectively (Table 4.3). In other words, refatio current conditions, we would
expect an overall reduction of secondary forest TAg®&ols in response to projected

changes in climate.

Across all climate scenarios and life zones, TA@GE&aased as the area of secondary
forests increased. Under Scenario 1, TAGC pooseobndary forests in the
Premontane Wet Transition to Basal and Moist ldaes was predicted to be the
largest among all life zones when secondary foreste assumed to cover 25% of
each life zone, reaching 24 and 40 Tg, respectiieyple 4.3). Under Scenario 1,
TAGC in the Moist and Dry life zones would be exjgelcto be 1.5 and 4 times larger
than under current climatic conditions (Table A8¢ause the area of these life zones
are predicted to increase significantly (Table 4ld)contrast, under Scenario 1, the
Wet life zone would have the lowest TAGC of alklZones, ranging from 4 to 8 Tg as

secondary forest cover increases from 5 to 25%efite zone (Table 4.3).
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Table 4.3 Total aboveground carbon (TAGC, Tg) abselary forests by the year
2100 in five life zones of Costa Rica under cur@dimhate conditions and two climate
scenarios. TAGC calculated using current arealid® aone under secondary forest
cover and as a function of the total area of adifee (%) covered by secondary
forests in 2100.

Percent of the life zone covered by secondary feres
by the year 2100
Life Zone Current Area 5 10 15 20 25

Current Climate Conditions

Tropical Dry 1.1 1.1 1.6 2.0 2.5 3.0
Tropical Moist 10.5 9.7 12.6 15.5 18.4 21.3
Premontane Wet Transition to Basal 5.8 7.9 12.0 16.0 020. 24.1
Tropical Wet 6.2 11.8 16.4 21.0 25.6 30.2
Premontane Rain 2.1 4.1 6.8 9.5 12.2 14.9
Total 25.7 34.7 49.4 64.0 78.7 93.5
Climate Scenario 1
Tropical Dry 0.8 2.7 4.9 7.1 9.3 11.5
Tropical Moist 7.6 6.9 18.9 25.8 32.9 39.9
Premontane Wet Transition to Basal 4.3 7.0 11.1 15.3 519. 23.7
Tropical Wet 4.4 4.4 4.9 5.8 6.8 7.7
Premontane Rain 0.0 0.0 0.0 0.0 0.0 0.0
Total 17.1 21.0 39.7 54.1 68.4 82.7
Climate Scenario 2
Tropical Dry 0.8 2.5 4.6 6.6 8.7 10.7
Tropical Moist 7.6 6.9 9.9 12.4 14.9 17.5
Premontane Wet Transition to Basal 6.1 7.3 10.6 13.9 317. 20.6
Tropical Wet 6.3 13.2 22.2 31.1 40.1 49.1
Premontane Rain 2.1 5.2 8.8 12.5 16.2 20.0
Total 22.8 35.1 56.0 76.6 97.2 117.8

Notes: Current area: TAGC projected by the yeaOZ€suming no increase in
secondary forest area from current area. Curranta®® Conditions: TACG
calculated assuming current climate persists imoyear 2100 but area of secondary
forests increases. Climate Scenario 1: TAGC caledlassuming a 20% decrease in
precipitation (P) and an increase of 4 °C in temapee throughout Costa Rica.
Climate Scenario 2: TAGC calculated assuming a @e%6ease in precipitation (P) in
the Pacific region of Costa Rica, a 20% increade im the Atlantic region of Costa
Rica, and an increase of 4 °C in temperature throwigCosta Rica. Climate scenarios
1 and 2 correspond to “Dry 20/4” and “Dry-Wet 205tenarios, respectively, by
Enquist (2002). TAGC in the Premontane Rain lifaeander Scenario 1 is zero
because the life zone is expected to disappeauf{&nz002).
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By increasing the area of secondary forests, sdrttedC lost from primary forests
could be offset. Under Scenario 1, we calculatesbaondary forests would need to
cover ~ 19% of each life zone by 2100 to offsetltiss of C resulting from the

decline in the amount of primary forest biomas®eisded with climate change (65
Tg, Figure 4.2). Under such conditions, secondargdts in the Moist and
Premontane Wet Transition to Basal life zones aedipted to sequester 32 and 19 Tg
C whereas Dry secondary forests would sequestgr&hd Wet secondary forests, 7
Tg. Under Scenario 2, growth of currently estaldégkecondary forests alone would
sequester 23 Tg of C by 2100 (Table 4.3). If treaaf secondary forests increased to
25% of each life zone, then secondary forests grgwinder Scenario 2 in the five life
zones of this study, could accumulate 118 Tg oy@I00 (Table 4.3). This implies
that, depending on future climate conditions, sdeoy forests would not only offset

C losses from primary forests but could act aggelaet C sink.

Discussion

Uncertaintiesin Calculating Total Aboveground Carbon in Costa Rican Forests

The magnitude, direction, and timing of primarydsirresponses to climate change
are subject to much debate. Phillghsl. (2004) reported increasing atmospheric,CO

concentrations have, in recent decades, acceld@test dynamics and increased live
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aboveground biomass in the Brazilian Amazon. Timsdase in TAGC will likely
decline, however, as forest growth becomes lintigdther resources such as soil
nutrients and water (Lewis 2006). In addition, @asing respiration costs due to
higher temperatures could cause tropical forestdtiimately become a source of
carbon to the atmosphere (Lewis 2006). We assuha@timary forests are already
responding negatively to warmer and drier clim&tkaik 2004). If this is not the case,

we may be overestimating the loss of C from prinfargsts into the atmosphere.

A limitation of our simulations is that they do rainsider that disturbance and its
effects may change over time. For example, if dicndisturbances associated with
strong ENSO events caused increased tree monaitgnhanced drought, a net loss
of carbon would result (Roliret al. 2005, Williamsoret al. 2000). Also, drier and
warmer climate, combined with forest fragmentatiooreases the risk of fire and
would significantly reduce forest C pools (Guariget al. 2008, Laurance 2004).
Furthermore, fire can significantly change the sgswnal pathways of secondary
forests (Mesquitat al. 2001). Rising C®in the atmosphere appears to favor growth
of lianas, which could further impede forest reagyeaise tree mortality rates, and
lower forest biomass (Gerwing 2002, Lewisal. 2004). Finally, if annual rainfall
were to fall below a critical threshold of < 150@600 mm (Lewis 2006), tropical
forests might be replaced by savannas (Maly&. 2004, Salzmann & Hoelzmann
2005). All these mechanisms would lowefbeyond the predicted impacts of

climate change alone, and we would be underestug#itie amount of C released into
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the atmosphere through forest degradation. Bea#igggbance can also negatively
affect succession, we would also be underestimati@gmount of C potentially fixed

by secondary forests.

Estimates of the area of Costa Rica currently eayéry secondary forests as well as
the age distribution of these forests are uncertaon example, using forest cover
maps by Calvo-Alvarado & Sanchez Azofeifa (200éandary forests cover 3.3% of
the country. In contrast, Kleirat al. (2005), who used field inventories, reported 25%
of the land area Costa Rica is covered by secorfdesgts. The former dataset may
be an underestimate because passive remote seasingt distinguish between
secondary forests > 15 yr and primary forests (Q0&2. This implies the current area
of primary forest, and thus their current and fatGrpools within a life zone may be

significantly overestimated in our analysis.

The difficulties involved in using remote sensiongiletermine the age of secondary
forests > 15 yr after agricultural abandonmentlyilexplain some of the discrepancy
in predicted areas of secondary forests and thusAGC estimates for each life
zone. However, the influence of forest age on leaps-scale estimates of C is likely
to be small because older secondary forests haver lates of carbon increment than
younger ones (Chapter 3). For example, the diffaren estimates of TAGC for
secondary forests with current ages of 30 or 50sya#hen extended to 2100, differ

by only 1 — 5%. Errors in estimation of area supipgrsecondary forests will affect
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TAGC predictions much more. We demonstrated thishowing that, under constant
climatic conditions, secondary forest TAGC pools2i0 were 1.3 times larger than
our first estimates (Current Area, Table 4.1) winentripled the current area of
secondary forests > 15 yr. To improve our C segatsh estimates, we emphasize

the need to quantify the age structure of seconiaegts more accurately.

Potential of Secondary Forests to Sequester Carbon

When we assumed current secondary forest area wemlain constant to 2100 we
found a shift in climate to less precipitation amarmer temperature.€. Scenario 1
and Dry and Moist life zones in Scenario 2) hadrgd negative effect on TAGC. This
conclusion is supported by the work of Nepstaa . (2002) who documented a 25%
decrease in NPP in a drought experiment in Brazéddition, Williamsoret al.

(2000) reported a 70% increase in tree mortalitysr&n the Amazon following a
severe El Nifio drought. Clark (2004) suggested:tmebined responses of
photosynthesis and respiration to increasing teatpes could result in strong
reductions in NPP and a shift in NEE towards C eioiss. In contrast, our
simulations indicate that by increasing both terapge and precipitation.é.
Premontane Wet Transition to Basal, Wet, and PréanenRain life zones in Scenario
2) only a small positive effect on TAGC should de¢tiable 4.3). We hypothesize
higher temperature and precipitation will not sfgaintly increase TAGC because

greater moisture availability may not compensagentbgative effects of higher
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temperature on photosynthesis and respiration, emdar greater atmospheric €0

concentrations (Korner 2003, Wiehal. 2005).

In our simulation, the maximum amount of C thatosetary forests sequester depends
on the Gax Of each life zone, which decreased over time e<limate and life zones
shifted. The area of a life zone that will be odedpoy secondary forests also has a
strong influence on the amount of C that can beestgred. For example & for

Dry and Moist primary forests was 1.4 times greateter current climate than for
Scenarios 1 and 2 (Figure 4.2). However, the aféaese life zones was up to 6 times
greater under the alternative climate scenarias timaler current conditions (Table
4.1). Thus, increasing the proportion of a life e@movered by secondary forests
resulted in greater secondary forest TAGC unden&was 1 and 2 than under current
conditions (Table 4.3), even though£would be lower under the alternative climate

scenarios.

Given climate predictions by Campos (1999) and I{2N00), the most likely future
climate for Costa Rica would be one dominated Igyhér temperature (up to 3.8 °C)
and drier conditions (up to 63% reduction in préatpn;i.e. more severe drought
than in Scenario 1). The degree to which thesegdsim climate will occur depends
on global trends of atmospheric €€bncentration and other greenhouse gases
(Campos 1999). Regardless of the magnitude of ehanig clear future climate for

Costa Rica most likely will continue in the dirextiof Scenario 1. Under such
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conditions, more C would be sequestered by secyridigsts growing in life zones
with currently lower than average C densities Dry, Moist, and to a lesser extent
Premontane Wet Transition to Basal life zones, @4dkB) because the areas of these
life zones are predicted to increase to up to @githeir current extent (Table 4.1).
The importance of life zones with low carbon daasitn maintaining the C balance

of Costa Rica increases considering some of thezbhes with the highest C densities
(e.g. Premontane Rain life zone) will disappear unden@do 1 (Table 4.2, Enquist

2002, IMN 2000).

Secondary forests can play an important role imgatihg impacts of climate change.
Under Scenario 1, secondary forests would havegrmesent a minimum of 19% of
the area of a life zone by 2100 (Table 4.3) toaiffee C released by primary forest
degradation associated with a warmer and drieratenm that same time frame
(Figure 4.2). However, if such goal is to be againsecondary forest regeneration
should be promoted in the short term to ensuresbatndary forests follow growth
trajectories with larger ax for as long as possible. Competing land uses asi¢bod
production and urbanization may prevent attainimg ¢joal in some life zones. For
example, anecdotal evidence indicates the areacohslary forests in some Costa
Rican regions may no longer be expanding becausei@ased land pressure from
large-scale plantations of pineapple and staplegirand renewed interest in cattle
ranching (Vicente Watson personal communicatianjhése cases, the promotion of

additional secondary forest growth in life zonethviower agricultural potential
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should be considered. Management practices thaitanaior enhance the capacity of
primary and secondary forests to adapt to ongdintate change should also be
considered (Guariguagh al. 2008) to minimize losses and maximize C storage in

forest ecosystems.

Although our study is restricted to five life zonesCosta Rica, they cover a broad
range of climates that occur elsewhere in the tspihis study offers a reference
point to gauge the possible negative effects tlatte change may have on C storage
in primary forests. In addition, our study servesaatarting point for designing and
implementing management strategies that encourstgblshment of secondary
forests to offset carbon losses from primary fodegjradation in Costa Rica and other

tropical countries.
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Tropical secondary forests are often the most wpitead land cover in many tropical
regions and may play an important role in mitigghobal climate change. In this
study we conducted the first comprehensive assegshétal aboveground biomass
(TAGB), total aboveground carbon (TAGC), and ta&ebsystem carbon pools (TEC,
including soil C to 1 m depth and root C) in tragdisecondary forests in Costa Rica.
Our main goal was to quantify the potential of seary forests growing along a
broad tropical climatic gradientsd Tropical Dry to Tropical Wet and Premontane
forests) to accumulate TAGB and sequester C one.tODur assumption was that,
given enough time, secondary forest TAGB, TAGC, @€ pools would be
equivalent to those of primary forests. We originalypothesized these pools would
increase faster and be larger in climates wheremsnot seasonally limiting to plant
growth than in life zones with a distinct dry seasio addition, we examined whether
secondary forests have the potential to offsetdeape-scale C losses from primary

forests under changing climatic conditions expebigthe end of the current century.

Trees, the surface layer, and wood debris wer&atigest components of TAGB. In all
life zones, trees represented a greater propasfi@AGB with increasing secondary
forest age, ranging across life zones from 7% aoidary forests < 1 yr to 91% of
TAGB in older secondary forests. The largest qui@stof aboveground biomass in
the surface layer were measured in Dry and Motrsggary forests. While the
biomass in the surface layer did not change witbdibage across life zones, we found

that the proportion of TAGB represented was smaltethe age of the secondary
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forests increased. We also found older secondaegt®in Wetter life zones had
greater amounts of downed wood than older forestisa Drier life zones. These data
clearly illustrate the changing dynamics of TAGBofsowith increasing secondary
forest age and highlight the importance of treethasnain storage components of C

in secondary forests.

TAGC followed similar trends to those described T&WGB. As expected, TAGC
pools were largest in older secondary forestservttetter life zones. We found a 28-
fold difference in TAGC pools among the sampledseéary forests ranging from 5
Mg-ha' in a 9 yr Dry forest to 143 Mg-Han a 60 yr Wet forest. We found secondary
forest TAGB was strongly correlated to age andrétie of potential
evapotranspiration to precipitation. In all lifenss, TAGC followed a non-linear
pattern of sequestration with secondary forest bgeost life zones this pattern was
characterized by very rapid growth early in suciogsslecreasing accumulation rates
in mid-succession, and a slow approach to a maxiA@GC similar to that in

primary forests. In the Dry life zone, the rapidgth stage was preceded by ~ 14 yr
of slow forest growth, possibly caused by limitasdo early forest establishment.
Mean annual increment (MAI) rates for TAGC accurtialawere similar across life
zones during the first 20 years of secondary sstmesWe found a trend of
increasing MAI rates of TAGC accumulation with ieasing precipitation but
differences among life zones were not significahis provides initial evidence in

support of the hypothesis from Guariguata and @s1€2001) who predicted Dry
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forests would have similar rates of recovery (gtopér unit time) of aboveground

biomass compared to those found in more humid t®res

We used TAGC from primary forests (Kauffman & Hugle prep.) to classify the
potential of secondary forests to accumulate abmwegl C. Life zones fell into three
distinct groups. Contrary to our prediction of redd growth rates resulting in slow
TAGC accumulation, secondary forests in the Dy ibne recovered 97% of the
TAGC pools in less than 30 years. Despite thisfesbvery, but because the
maximum expected TAGC pool for forests in this fifsne was 73 Mg-Hawe
classified Dry secondary forests as having low pidéto accumulate TAGC. In
comparison, we found secondary forests in the \WetRremontane Rain life zones,
had the highest expected TAGC pools (207 — 215 &1): TAGC for these life zones
were expected to reach90% of TAGC measured in primary forests in > 1&@rg
after pasture abandonment. Finally, we classifessbsdary forests in the Moist and
Premontane Wet life zones as having intermediat&é CAaccumulation potential. We
estimated they would reaeh90% of TAGC measured in primary forests (123 — 138
Mg-hal) in 67 — 107 years after pasture abandonment.if@ethe longer recovery
times, where accumulating the largest amounts dsTAs desired as a strategy for
mitigation of global climate change, greatest qui@stof C per unit area would be
found in secondary forests in Wetter life zoneusTtihis is where management
efforts (and perhaps economic benefits to the tamaer) would most logically be

focused.
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Our estimates of TAGC of secondary forests grovimigpe Dry life zone of Costa
Rica were higher than those reported elsewhefgeitropics because the former are
growing at the wet extreme of the life zone. Intcast, the TAGC we measured in
Costa Rican Moist secondary forests were lower thatreported for Moist
secondary forests in Brazil (Alvesal. 1997, Ferreira & Prance 1999, Steininger
2000b, Uhlet al. 1988). However, TAGC we measured compared favgnalih that
measured in secondary forests growing in oligotiopbnditions in Venezuela and
Colombia (Saldarriaget al. 1988), and with sites that had sustained modéodtegh
intensity of previous land use in Brazil (Fearns8d&uimaraes 1996). We suggest
long legacies of past land-use in the Moist lifaeof Costa Rica (Holdridge 1967)
may have reduced the potential of abandoned pdstuais to support highly

productive secondary forests.

We offer the first reports of TAGC pools in tropisgcondary forests growing in the
Premontane Life zone. Comparisons between ouragetahose from other Montane
secondary forests (Feheatal. 2002, Nadkarnét al. 2004) suggest Montane secondary
forests across the tropics may accumulate simitaguamts of TAGC. TAGC pools
measured in secondary forests in the remainingtifees of our study were also
similar to those reported elsewhere for tropicabselary forests, which supports the
adequacy of using our data to assess TAGC accupmladtential by secondary

forests in other tropical regions.
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Contrary to expectation, we found no changes ihlbadk density (Bd) or soil C
concentrations with secondary forest age. Soil Bd tighest in Drier life zones while
soil C concentration was highest in the Wetterzibaes, and vice versa. Also, while
Bd typically increased with soil depth, soil C centrations decreased with depth.
Across all depths, and consistent with worldwid#gras of soil C distribution with
climate (Amundson 2001, Pastal. 1982), soil C concentrations in Premontane Rain
forests was 4 — 6 times greater than in the DryisMor Premontane Wet — Pacific

life zones, and ~ 3 times greater than in the Préama Wet - Atlantic and Wet life

Zones.

Soil C to 1 m depth was 1.3 — 2.3 times largeha\Wetter life zones than in the Drier
life zones. We found considerable variation inltetal C among sites within the life
zones and, contrary to our expectation, were urtaldietect changes in soil C as
secondary forest aged. The response of soil Canggs in tropical land use from
forest to agricultural lands of several types aadkito forest is still equivocal. Further
studies examining a wider range of secondary fagss, soil types, and land use
categories, combined with the use of stable is@@R&leringeset al. 2000) would

provide further insights into the dynamics of $oiin tropical secondary forests.

We found significant differences in TEC between kbnes, with mean TEC ranging

from 149 to 171 Mg-h4in Drier life zones, and between 228 to 370 Mg-imWetter
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life zones. Soil C was an important component o€Tiools in secondary forests,
ranging from 71 to 79% of TEC across all life zarfésrest age was not a good
predictor of TEC across all life zones becauséefitigh variability in soil C pools.
Rates of TEC accumulation were lowest in the Digyzone, increased with
increasing precipitation, but reached a maximumdedined at the higher end of our
precipitation gradient. We speculate that, whilgeased water availability can
promote forest growth in Dry forests, increased meanual precipitation may reduce
forest productivity by decreasing radiation inpuntgyeasing nutrient losses, or
reducing soil oxygenation (Schuur 2003). We predicecondary forests would attain
> 90% TEC of primary forests in less than 60 yrhea Dry, Moist, and Premontane
Wet - Pacific life zones (Table 3.4). In contratstyould take 62 to 105 yr for
secondary forests in the Premontane Wet - Atlatat Rain life zones to reach TEC

equivalent of that in primary forests.

We found a shift in climate to less precipitatioldavarmer temperature by 2100 had
a disproportionate effect in reducing total abowegd carbon of primary forests
relative to an increase in both temperature andptation. Total aboveground C
pools in primary forests growing in five life zonesCosta Rica may decline by up to
65 Tg by the end of the current century. Our sirtmaites suggest this decline may be
offset by secondary forest growth. However, attl&é8%b6 of the area of each life zone
would need to be devoted to secondary forests B 81 make this possible. If such

goal is to be attained, forest regeneration shbalgromoted to ensure that secondary
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forests are available to sequestgkdor as long as possible. Competing land uses
such as food production and urbanization may prteagaining this goal in some life
zones. In these cases, the promotion of additee@dndary forest growth in life zones
with lower agricultural potential should be consete Management practices that
maintain or enhance the capacity of primary andrsaary forests to adapt to ongoing
climate change should also be considered (Guaaguat. 2008) to minimize losses

and maximize C storage in forest ecosystems.

This is the first study to quantify TAGB, TAGC, am&C pools of a multitude of
secondary forest stands growing along a gradietrbpfcal climates. Data from this
study encompass the necessary variation of troplitaates that would allow
calculating the potential of secondary forestseguester C under changing climatic
conditions, and extrapolating those estimatesherdropical areas. However, we
caution that before deriving any long-term managegmscommendations from these
data, future climatic variability must be consideleecause it may affect the potential

of secondary forests to sequester C to the levebtssared in this study.
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APPENDICES



Appendix A. Basal area (rha’) by forest component in secondary forests ofiféxzones in Costa Rica.

Age Trees (dbh, cm) Total Total
Life Zone Site (yrs) Palms Lianasierbaceous <10 10-30 30-50 >50 live dedwbtal
Tropical Dry Pitahaya 9 000 001 0.00+0.00 18055 0.03 0.00 0.00 1.12 0.00 1.12
Bebedero 10 0.00 0.12 0.00 £0.00 7€82.07 3.55 0.00 0.00 10.74 0.13 10.87
Pocosol 10 0.00 0.01 0.00+0.00 3.92.64 2.16 0.00 0.00 6.10 0.01 6.11
Mal Uso 14 0.00 0.21 0.00£0.00 6.631.59 453 0.00 0.00 11.37 0.30 11.67
Deep Throat 16 0.00 0.45 0.00£0.00 5#49.76 6.71 0.33 0.00 12.99 0.48 13.47
Firebreaks 17 0.00 0.00 0.00+0.00 264.15 165 0.00 0.00 4.29 0.03 4.32
Principe 22 0.00 0.10 0.00 £0.00 9.82.76 10.97 0.31 0.00 20.43 0.21 20.64
Naranjo 26 0.00 0.21 0.00+0.00 3.#0.71 7.30 9.83 0.00 21.07 2.38 23.45
Buen Uso 27 0.00 0.48 0.00+0.00 6.8®.81 13.67 4.78 0.00 25.80 0.94 26.73
El Pozo 82 0.00 0.62 0.00+0.00 2.20.41 9.32 7.60 7.29 27.03 1.33 28.36
Tropical Moist Downey 0.42 1.01 0.02 0.00+0.00 089.39 192 0.00 0.00 3.84 491 8.74
Valle Azul 7 124 030 0.56+0.37 2.610.94 188 0.29 0.00 6.88 035 7.23
Caballos 7 0.06 0.13 0.00+0.00 583.40 7.59 0.58 0.00 13.40 0.10 13.49
Divino 9 000 084 0.00+0.00 6.841.76 6.86 0.00 0.00 14.54 0.29 14.83
Iguana 13 1.72 048 0.20+0.11 4.24.81 11.70 0.00 0.00 18.34 0.10 18.44
Quesera 16 0.00 0.36 0.00+0.00 6#46.72 13.01 0.29 0.00 20.12 1.72 21.84
Dubya 20 532 0.34 0.00+0.00 2.20.84 9.22 0.00 0.00 17.112 2.03 19.15
El Tanque 28 0.00 0.77 0.01+0.01 3.390€.85 13.43 0.40 0.00 17.94 7.26 25.20
Santa Teresa 30 0.59 0.07 0.78 £0.40 (#6524 10.32 1.43 0.00 13.84 1.81 15.65
Chonco 40 099 0.36 0.00+0.00 1.8%.59 10.40 1.04 0.00 14.67 3.16 17.83
Premontane Wet,Yucal 2 0.00 0.08 0.00+0.00 4.950.84 0.40 0.00 0.00 544 0.32 5.76
Transition to Chupadero 6 0.07 028 0.00+0.00 348.79 2.06 0.00 0.00 583 168 7.52
Basal, Pacific Lapas 10 0.00 0.03 0.01+0.01 2.21055 467 0.00 0.00 6.93 0.18 7.11
Hotel 15 0.00 0.15 2.84+1.47 1.80.70 10.96 3.72 0.00 19.54 0.27 19.81
Luciano 22 0.00 0.97 0.00+0.00 6.891.42 847 0.00 0.00 16.02 0.02 16.04
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Appendix A. (Continued)

Age Trees (dbh, cm) Total Total
Life Zone Site (yrs) Palms Lianasierbaceous <10 10-30 30-50 >50 live deddbtal
Premontane Wet,Cano 3 0.00 0.09 0.00+0.00 358.79 0.73 0.00 0.00 4.41 0.46 4.87
Transition to SAT 900 6 0.00 0.33 0.01+0.01 6.381.66 2.96 0.00 0.00 9.68 0.72 10.40
Basal, Atlantic Con Permiso 10 0.09 0.19 0.00 +0.00 62©.84 7.89 0.94 0.00 15.39 7.66 23.05
SAT 1000 15 0.03 0.71 0.15+0.15 8.56l.15 6.16 199 0.00 17.59 1.84 19.43
Pao 21 063 0.64 0.00+0.00 3.90.92 8.66 4.57 195 2043 1.76 22.19
Cascada 26 095 0.31 0.00+0.00 482.48 12.35 5.46 0.00 23.93 7.36 31.29
Sabalo 27 047 030 0.00+0.00 2.8D.68 6.99 10.13 6.83 27.52 1.70 29.21
SHO 750 32 0.00 0.12 0.00+0.00 4.258.31 9.05 7.63 4.00 25.05 0.86 25.92
Tropical Wet Terciopelo 0.7 0.00 0.01 0.00+0.00 0£6.24 0.00 0.00 0.00 0.56 0.04 0.60
TUVA 1 0.00 0.07 0.00+0.00 3.22057 0.22 0.00 0.00 351 556 9.06
Culebra 3 000 090 0.00+0.00 2.#0.84 1.34 0.00 0.00 435 510 9.45
La Huerta 6.5 0.00 0.02 0.71+0.27 2.9D.72 12.44 0.96 0.00 17.04 4.12 21.16
Don Juan 9 0.18 0.18 0.00+0.00 4.23.83 9.48 0.00 0.00 14.07 3.84 17.91
Tirimbina 18 0.08 0.78 0.00 +0.00 4.841.49 11.38 0.34 0.00 17.42 291 20.33
Piro 20 0.00 0.07 0.34+0.13 4.690.88 5.68 9.37 0.00 20.15 5.36 25.51
Pumilio 25 061 0.33 0.01+0.01 4.71.08 13.57 0.74 0.00 19.98 4.55 24.54
4 Rios 29 0.74 0.21 0.00+0.00 2.811.05 15.68 13.27 0.00 32.71 3.20 35.91
Caliente 35 1.08 0.27 0.00+£0.00 2.%®.90 11.67 8.04 2.49 26.10 1.25 27.35
Palma Real 60 035 0.25 0.00+0.00 489329 11.45 6.41 8.46 31.84 295 34.79
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Appendix A. (Continued)

Age Trees (dbh, cm) Total Total

Life Zone Site (yrs) Palms Lianasierbaceous <10 10-30 30-50 >50 live deddbtal

Premontane Rain Volcan 05 0.00 0.20 0.00 +0.00 *@&62 058 0.00 0.00 2.46 0.67 3.12
Virgen Maria 10 0.33 0.23 0.00 £+0.00 8.82.81 7.57 0.00 0.00 16.99 152 18.51
Aleman 15 045 0.21 0.95+0.58 5.891.87 10.57 0.30 0.00 18.37 1.91 20.28
Cornelio 19 1.05 0.23 1.05+0.51 6.@71.25 15.11 3.00 0.00 26.51 1.72 28.23
Milpa 20 040 047 130070 3.491.22 8.82 4.69 0.79 19.97 6.69 26.67
Dos Ases 20 193 0.21 0.00+0.00 3.84.84 6.56 12.93 0.00 25.46 3.68 29.14
Cambronero 30 0.16 0.49 0.62 +0.37 320.84 7.41 1460 0.00 26.53 4.33 30.86
Hondura 35 0.00 0.16 0.00+0.00 3.901.09 10.08 6.96 3.29 24.38 4.63 29.01
Vargas 40 0.84 0.13 0.93+0.63 3.83..60 10.84 16.40 1.67 34.66 3.52 38.17
Kraven S.A. 50 1.35 0.77 0.31+0.31 6.24.62 13.12 8.63 1.73 32.17 14.35 46.52

Notes: Mean * SE is provided for forest componsntssampled within each 50 x 50 m plot, not for

components that include whole plot measures. Tasallarea is categorized by "diameter at breaghtiei
(dbh) classes (cm); dbh was measured at 1.3 mthdigtal Dead includes basal area of small deadsste
dbh <10 cm, and snags dbh > 10 cm. Total Liveuhes all other categories. Total is the sum of lcea

of all forest components.

39T



Appendix B. Stem density (stems™dy forest component in secondary forests ofiféxdones in Costa Rica.

Age Trees (dbh, cn Tree: Total Total
Life Zone Site (yrs) Palm: Lianas Herbaceol <1C 10-3C 30-5C >5C >1C live deac Total
Tropical Dry Pitahay: 9 0 667 0z0 408z £1591 4 0 0 4 4754 0 4752
Bebeder 10 0 1417 0z0 10500 +2701 29€¢ O 0 29€¢ 1221 504 1271
Pocosc 10 0 50C 0z0 81671282z 13€ O 0 13€ 880 667 946¢
Mal Usc 14 0 3917 0z0 600C +1517 344 O 0 344 10261 50C 10761
Deep Throe 16 0 10667 0z0 658z +161€ 404 4 0  40¢ 1765¢ 125¢ 1891:
Firebreak 17 0 83 0z0 383:+1511 10€ O 0 10€ 402t 50C 452t
Principe 22 0 2667 0z0 8417 +151z 75€ 4 0 76C 1184: 91 1193t
Naranjc 26 0 3917 0z0 3500 +784 27¢ 92 0 36 778t 87: 865¢
Buen Usi 27 0  458: 0z0 508:+79€ 59z 48 0  64C 10307 44¢ 1075t
El Poz« 82 0 233: 0z0 3167 +105z 36C 72 24  45€ 595¢ 187 614:
Tropical Mois Downey 0.4z 1€ 275( 00 12750 +2151 44 0 0 44 1556( 48 1560¢
Valle Azul 7 25C 1050(C 108:+66€ 683130z 10¢ 4 0 11z 1877¢ 3500 2227¢
Caballo 7 4 958: 0z0 1358:+180¢ 36€ 8 0 37€ 23547 1917 2546:
Divino 9 0 1608: 0z0 1008: +222: 52C O 0 52C 26687 921 2760
Iguan: 13 48 458: 50C+327 483:+189: 55z O 0 55z 10517 33 1085(
Queser 16 0 791 0z0 5667 +133¢ 75€ 4 0  76C 1434% 187i 16221
Dubye 20 691 625( 0z0 658:+148z 572 O 0 57z 2031¢ 236t 2268¢
El Tanqu 28 0 784¢ 8383 1775(x557¢ 604 4 0 60¢ 26287 671¢ 3300t
Santa Teres 30 254 2417 150( +467 808: 1247 46t 1€ 0 484 1273¢ 114: 1388
Chonct 40 4750 841i 0z0 475C£97¢ 41z 12 0 424 18347 831 19171
Premontane Wet, Yucal 2 0 900( 0z0 575( £ 84& 32 0 0 32 1478 108: 1586¢
Transition to Chupader 6 167 625( 0z0 525(+125C 164 O 0 164 11831 25 1208¢
Basal, Pacific ~ Lapa: 10 0 750( 83 183 583:+129¢ 328 O 0  32¢ 1374t 75& 1450:
Hotel 15 0 408 89175671 358:+90t 424 4C 0 464 17047 2C 17067
Lucianc 22 0 7167 0z0 458:+104z 524 O 0 524 1227: 167 12441
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Appendix B. (Continued)

Age Trees (dbh, cn Tree: Total Total
Life Zone Site (yrs) Palm¢ Lianas Herbaceol <1C 10-3C 30-5C >5C >1C live deac Total
Premontane Wet,Canc 3 0 158 0+0 1000C £2817 60 0 0 60 1164: 504 12147
Transition to SAT 90( 6 0 7417 100C £82€ 1258:+162(C 16¢ O 16e 2116¢ 24 2119:

0
Basal, Atlantic ConPermis 10 4  600C 00  9917+101¢ 40¢ 12 0 42C 16341 88% 1722¢
SAT100( 15 4 12671 1674167 1225(+159¢ 29z 24 0O 31€ 25407 103€ 2644:

8

0

Pac 21 44¢ 12921 00 708:+£90¢€ 324 40 37z 2082t 64: 2146¢
Cascad 26 19t 10658: 00 675(+684 50€ 56 564 1809: 417 1850¢
Séabal 27 17¢ 1116] 00 508: + 745 28 92 28 40& 16837 53€ 1737:
SHO 75( 32 0 700( 00 958: +162¢ 39z 60 16 46& 17051 76z 1781
Tropical We Terciopel 0.7 0 100( 00 483:+1567 O 0 0 0 583t 83 5917
TUVA 1 0 112%( 00 2525( £520: 8 0 0 8 3650¢ 105z 3756(
Culebr: 3 0 1658 00 1533: 6671 64 0 0 64 31981 20 32001
La Huert: 6.5 0 150C 200C +667 883:+88C 524 12 0 53€ 1286¢ 65z 1352
Don Jual 9 12 483: 00 975C £103¢ 37¢€ 0 0 37€ 14971 40t 1537
Tirimbina 18 4 3508: 00 12917+ 3114 464 4 0 46€ 4847. 544 4901¢
Pirc 20 0 200C 75C 265 2100( +x272¢ 20€ 80 0 28& 2403¢ 147: 25511
Pumilic 25 33: 791 83 83 783:+1097 64C 8 0 64€ 1681t 711 1752¢
4 Rios 29 30€ 1383 00 81671 +221C 52C 10¢ 0 628 2293¢ 40¢ 2334
Calientt 35 428 225( 00 500C +1222z 40€ 68 12 48t 816: 40 820¢
Palma Re: 60 117% 341i 00 925C + 1477 44€ 52 32 53z 1437: 377 1475
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Appendix B. (Continued)

Age Trees (dbh, cn Tree: Total Total
Life Zone Site (yrs) Palm¢ Liana« Herbaceol <1C 10-3C 30-5C >5C >1C live deac Total
Premontane Ra Volcan 0E 0 1893 010 1400( £299¢ 16 0 0 16 3294¢ 14t 3309
Virgen Mari¢ 10 12 7171 010 10417+£283¢ 46C O 0 46C 1805¢ 109¢ 1915¢
Aleméar 15 36 11167 417+25C 12000+339z 59z 4 0 59€ 2421t 162¢ 2584
Cornelic 19 457 6417 50C+20¢ 1775(+343¢ 56C 32 0 59z 2571t 32€ 2604!
Milpa 20 24 7417 3167+169< 11417+201¢ 364 36 4 404 2242%¢ 42t 2285
Dos Ase 20 104 8417 010 1508: £325¢ 26C 11¢€ 0  37€ 2398( 80€ 2478t
Cambroner 30 12 1525( 417+17t 15917+219¢ 37z 124 0  49€ 32091 71t 3280¢
Hondure 35 0 1008 010 983: +170¢ 47z 64 12 54& 2046t 707 2117:
Varga: 40 52 925( 167 110¢ 76671154t 46C 14C 8 60€ 1774: 38¢ 1813:
Kraven SSA 50 21¢ 2325( 83183 975(+177: 56C 80 8 64€ 3395( 82z 3477

Notes: Mean * SE is provided for ecosystem compisnarbsampled within each 50 x 50 m plot, not for
components that include whole plot measures. Stmity for all stems with height > 1.30 m. Stemsignof
dead stems includes stems dbh < 10 cm, and snags b cm. Stem density of total live stems inchidi
other categories. Total is the sum of stem demsig}ll forest components.
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Appendix C. Aboveground carbon pools (Mg*hhay ecosystem component in secondary forestsdifsizones of Costa

Rica. Values are mean + SE.

Life Site Trees (dbh, cm) Total Total
Zone name Age Wood debris Surface layer Palms Lianas Herbaceous <10 10-30 30-50 >50 live dead TAGC
Tropical Dry Pitahaya 9 0.00+000 3.86+0.71 0.00 0.07 Q@O0 1.12+058 0.04 0.00 0.00 509 0.00 5.09
Bebedero 10 0.26 +0.15 4.99+0.92 0.00 0.79 0.00+0.00 7.52%2 6.61 0.00 0.00 19.94 0.34 20.28
Pocosol 10 0.00+0.00 3.88+0.79 0.00 0.04 0.00+0.00 4.3®22. 475 0.00 0.00 12.96 0.01 12.96
Mal Uso 14 0.75+035 542+103 0.00 137 0.00+0.00 7.33781. 835 0.00 0.00 22.47 1.03 23.49
Deep Throat 16 0.20 £+0.08 5.03+1.00 0.00 3.12 0.00+0.0006.198 1493 0.69 0.00 29.88 0.63 30.51
Firebreaks 17 0.15+0.10 3.14+054 0.00 0.00 0.00+0.00 2981 323 0.00 0.00 9.34 0.17 951
Principe 22 0.18+0.08 6.06+0.53 0.00 0.66 0.00+0.00 10.B312 2291 0.45 0.00 40.22 0.26 40.48
Naranjo 26 556+169 499+1.40 0.00 152 0.00+0.00 4.11790.16.55 24.27 0.00 51.43 6.69 58.12
Buen Uso 27 325+089 7.16+2.10 0.00 355 0.00+0.00 7.6®2037.41 10.63 0.00 66.39 3.52 69.90
El Pozo 82 4.03+147 3991056 0.00 471 0.00+0.00 2.36140.18.45 18.40 21.87 69.78 4.18 73.96
Tropical Moist Downey 042 399+164 421+051 0.22 0.10.000+0.00 0.90+0.43 503 0.00 0.00 10.46 4.02 14.48
Valle Azul 7 022+009 297+0.21 022 191 0.33+0.20 27986 4.62 101 0.00 13.84 0.77 14.62
Caballos 7 119+0.28 3.43+0.36 0.03 0.79 0.00+0.00 5.415521.19.48 199 0.00 31.12 1.26 32.39
Divino 9 0.74+021 237+040 0.00 5.89 0.00+0.00 7.63+200649 0.00 0.00 31.38 0.99 32.37
Iguana 13 0.74+0.22 362+035 222 338 0.04+0.03 4.79&2.09.79 0.00 0.00 43.83 0.82 44.65
Quesera 16 1.99+043 369+028 0.00 240 0.00+0.00 7.205135.61 1.00 0.00 49.90 4.36 54.26
Dubya 20 094+034 509+081 446 236 0.00+000 241+09268.98 0.00 0.00 36.30 1.53 37.83
El Tanque 28 216 +042 3.24+0.71 000 569 0.03+0.03 386382 3521 095 0.00 48.65 2.42 51.08
Santa Teresa 30 1.71+0.38 3.20+0.35 0.32 0.42 0.37 £0.183 £0.24 25.06 4.34 0.00 3434 2.72 37.06
Chonco 40 1.62+043 3.38+044 0.75 235 0.00+0.00 2.05%#0.88.66 3.02 0.00 40.21 1.70 41.91
Premontane Wet, Yucal 2 080+0.77 2.03+0.40 0.00 0.46 0.00+0.00 5.43+0.92.6300.00 000 856 110 9.65
Transition to Basal,Chupadero 6 1.04+050 261+043 0.12 185 0.00+0.00 3.79a¢0 441 0.00 0.00 12.78 1.83 14.61
Pacific Lapas 10 0.28+0.10 152+0.14 000 0.15 0.04+0.04 2.35+0.68.18 0.00 0.00 14.24 0.39 14.62
Hotel 15 0.86+0.31 359+0.82 000 101 228+1.61 2.03+0.2B.13 1257 0.00 49.61 1.01 50.61
Luciano 22 0.31+0.08 253+0.30 0.00 7.13 0.00+0.00 7.64661.18.41 0.00 0.00 35.70 0.44 36.14
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Appendix C. (Continued)

Life Site Trees (dbh, cm) Total Total

Zone name Age Wood debris Surface layer Palms Lianas Herbaceous <10 10-30 30-50 >50 live dead TAGC

Premontane Wet, Cano 3 132+046 357+0.44 000 054 0.00+0.00 3.69+195471.000 0.00 9.27 1.71 10.98

Transition to Basal, SAT 900 6 1.00+0.42 267050 000 197 0.14x0.12 6.634£1.76.82 0.00 0.00 1824 1.01 19.25

Atlantic Con Permiso 10 11.23+3.92 284 +056 0.16 1.17 0.00+0.064 60.89 18.37 1.83 0.00 30.89 11.84 42.74
SAT 1000 15 525+1.10 228+041 0.08 432 0.02+0.02 8721 1522 559 0.00 36.29 555 41.84
Pao 21 1271 +231 296+0.68 163 391 0.00+0.00 4.16+1.03.18212.90 5.00 53.74 13.23 66.97
Cascada 26 6.18+157 232+0.21 207 1.99 0.00+0.00 5.1833236.52 18.37 0.00 66.41 6.25 72.66
Sébalo 27 1299 +3.66 2.44+032 0.84 201 0.00+0.00 2.84%0.18.31 34.02 21.35 81.81 13.12 94.93
SHO 750 32 558+195 214+0.18 0.00 0.85 0.00+0.00 4.43:%1.24.72 22.83 12.20 67.20 6.23 73.43

Tropical Wet Terciopelo 0.7 0.39+0.24 6.98+0.73 0.00 0.08.00+0.00 0.52+0.23 0.00 0.00 000 755 042 7.98
TUVA 1 132+053 261+0.38 000 052 0.00+0.00 297 +052 480.0.00 0.00 659 155 8.14
Culebra 3 305+1.03 6.13+0.78 0.00 4.80 0.00+0.00 2.00%0.83.47 0.00 0.00 16.39 3.07 19.46
La Huerta 6.5 8.07+183 277042 0.00 0.12 0.29+0.11 2057 2286 1.34 0.00 30.33 9.88 40.21
Don Juan 9 532+228 214+042 048 105 0.00+0.00 4.3P%*0.26.55 0.00 0.00 3459 536 39.95
Tirimbina 18 8.18+154 222+021 0.11 506 0.00+0.00 4.92% 33.38 157 0.00 47.26 9.17 56.43
Piro 20 2.01+0.38 2.00+0.33 0.00 043 0.15+0.06 4.67 £+0.94.98 34.78 0.00 56.98 4.89 61.87
Pumilio 25 1428 +254 3.24+044 096 203 0.01+0.01 4.96181 36.36 3.01 0.00 50.57 14.61 65.18
4 Rios 29 273+038 270%0.34 246 147 0.00+0.00 289215219 5297 0.00 114.69 3.46 118.15
Caliente 35 590+164 3.75+050 0.53 1.37 0.00+0.00 2.6892029.47 29.49 9.18 76.46 591 82.37
Palma Real 60 27.25+13.13 2.18+0.31 0.60 1.48 0.00+0.004 51.43 42.01 25.94 38.37 115.74 27.35 143.08
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Appendix C. (Continued)

Life Site Trees (dbh, cm) Total Total

Zone name Age Wood debris  Surface layer Palms Lianas Herbaceous <10 10-30 30-50 >50 live dead TAGC

Premontane Rain  Volcan 05 150+081 1.80%+1.02 0.00 1.49060.00 1.57 +£0.60 1.60 0.00 0.00 646 151 7.97
Virgen Maria 10 2.72+0.90 2.35+0.35 050 1.41 0.00+0.0026%2.96 20.41 0.00 0.00 33.93 3.08 37.01
Aleman 15 145+066 270+031 039 140 1.31+0.83 6.34%52.B438 102 0.00 4755 1.66 49.22
Cornelio 19 594+194 251+029 155 141 1.49+0.76 6.20321 52.47 13.03 0.00 78.66 6.04 84.70
Milpa 20 11.66 +2.76 358 +0.54 0.61 254 0.31+0.17 3.67 61.26.67 1591 296 56.25 11.93 68.18
Dos Ases 20 845+191 405+069 225 136 0.00+0.00 3.99%02254 5448 0.00 88.63 8.95 97.58
Cambronero 30 5.14+132 385+0.66 0.25 280 0.88+055 3633 19.18 56.95 0.00 87.22 5.93 93.15
Hondura 35 7.67+196 599+1.08 0.00 1.12 0.00+0.00 4.1391.29.21 2491 14.58 79.94 8.67 88.61
Vargas 40 4.74+119 3.38+0.15 1.13 0.88 1.32+0.89 4.18%1.29.07 66.35 6.43 112.74 4.78 117.53
Kraven S.A. 50 1783 +459 328+0.63 165 4.80 0.46+0.46596&1.76 37.61 29.62 6.15 90.16 18.14 108.30

Notes: Mean * SE is provided for ecosystem compisnaibsampled within each 50 x 50 m plot, not Gamponents that
include whole plot measures. Surface Layer incluittes and seedlings and is considered part o&llawe. Mass of C in
Trees is categorized by diameter (dbh) classes, @m)was measured at 1.3 m height. Total Deaddes wood debris,
small dead stems dbh < 10 cm, and snags dbh > 10atad Live includes all other categories. Totdlod&e Ground C

(TAGC) is the sum of all aboveground carbon pools.
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Appendix D. Soil bulk density (g-cih of secondary forests growing in six life zones
of Costa Rica. Values are mean + SE.

Age Depth interval (cm)
Life Zone Site name (yrs) 0-10 10-20 20-30 30-50 50-100
Tropical Dry Pitahaya 9 115+ 0.07 1.44+ 0.10 1.47 + 0.07 31460.03 1.46 + 0.03
Bebedero 15 1.32+ 0.04 142+ 0.09 153+ 0.11 1.55+ 0.09 n.c.
Pocosol 15 140+ 0.02 137+ 0.10 141+ n.a. n.c. n.c.
Mal Uso 14 133+ 0.05 130+ 0.04 131+ 0.05 150+ 0.07 1.48.& n
Deep Throat 16 1.26+ 0.04 1.31+ 0.04 130+ 0.10 1.46 + 0.151 % 0.02
Firebreaks 17 128+ 0.10 139+ 0.23 1.23+ 0.07 1.53+ 0.10 n.c.
Principe 22 119+ 0.06 1.26 + 0.07 143+ 0.10 1.51+ 0.17 n.c.
Naranjo 26 113+ 005 1.21+ 0.03 1.26+ 0.04 137+ 0.02 1.32650
Buen Uso 27 125+ 0.05 121+ 0.07 139+ 0.03 1.31+ 0.11 1.3
El Pozo 82 157+ 016 147+ 0.16 158+ 0.19 138+ 0.13 1.48H 0
Tropical Moist Downey 0.42 128+ 0.03 1.38+ 0.09 1.26 + 0.0635 + 0.05 1.32 + 0.05
Valle Azul 7 157+ 003 136+ 0.01 135+ 0.02 1.40+ 0.06 1458.05
Caballos 7 140+ 0.03 130+ 0.06 124+ 0.07 1.46+ 0.04 15210
Divino 9 147+ 0.06 139+ 0.08 129+ 0.06 1.41+ 0.09 1.38 +60.0
Iguana 13 124+ 0.07 132+ 0.09 137+ 0.06 1.37 + 0.04 1.28050.
Quesera 16 1.09+ 0.07 1.20+ 0.03 1.22 + 0.10 1.46 + 0.25 n.c.
Dubya 20 135+ 004 152+ 0.09 130+ 0.05 142+ 0.06 1.42 0.1
El Tanque 28 135+ 002 134+ 0.04 127+ 0.05 1.38+ 0.10 %4B06
Santa Teresa 30 1.25+ 0.06 1.31+ 0.09 1.39+ 0.04 1.28 + 0.045 4 0.07
Chonco 40 133+ 0.12 135+ 0.02 134+ 0.06 145+ 0.05 1.46060.
Premontane Wet,Yucal 2 12¢+ 0.0¢ 1.21+ 0.06 1.31+ 0.1C 1.3€+ 0.0¢ 1.3t+ 0.04
Transition to Chupader 6 136+ 0.04 1.31+ 0.0f 1.3C+ 0.04 1.4z+ 0.0¢ 1.4¢+ 0.04
Basal, Pacific Lapa: 10 1.41+ 0.04¢ 1.4Z+ 0.06 1.47+ 0.0t 1.5+ 0.07 1.4€+ 0.0¢€
Hotel 15 1.37+ 0.04 128+ 0.0t 1.32+ 0.07 1.3C+ 0.0t 1.4E+ 0.0¢
Lucianc 22 1.1+ 0.0t 1.22+ 0.0¢ 1.1€+ 0.0z 1.2¢+ 0.0 1.3¢+ 0.0¢
Premontane Wet,Canc 3 087+ 0.0: 1.0t+ 0.0¢ 091+ 0.08 0.9¢+ 0.0z 1.0C+ 0.04
Transition to SAT 90( 6 091+ 0.0t 1.0+ 0.01 1.01+ 0.0z 1.07+ 0.0t 1.11+ 0.0
Basal, Atlantic Con Permis 10 0.85+ 0.0: 0.8¢+ 0.0: 0.94+ 0.01 0.9C+ 0.0¢ 0.9 % 0.0z
SAT 100( 15 0.97+ 0.04 1.1+ 0.01 1.11+ 0.04 1.0¢+ 0.0t 1.0t+ 0.0z
Pac 21 0.8¢+ 0.0t 1.0z+ 0.0z 1.01+ 0.0z 1.0z+ 0.0 1.0t + 0.0z
Cascad 26 0.9€+ 0.1t 0.91+ 0.0t 1.02+ 0.06 1.0C+ 0.04 1.0t + 0.04
Séabal 27 0.9C+ 0.0t 0.9+ 0.0 1.01+ 0.01 1.07+ 0.0z 1.07+ 0.01
SHO 75( 32 0.7+ 0.04 0.8¢+ 0.0: 0.9C+ 0.0z 1.0C+ 0.0z 0.9¢+ 0.01
Tropical Wet Terciopelo 0.7 1.03+ 0.05 0.94 + 0.07 0.87 +50.L..05 + 0.01 1.11 + 0.03
TUVA 1 126+ 006 124+ 006 128+ 0.04 1.30+ 0.06 1.27 + 0.06
Culebra 3 1.00+ 0.06 1.00+ 0.01 0.96 + 0.06 1.07 £ 0.07 1.09G50.
La Huerta 6.5 1.16+ 0.05 1.19 + 0.07 1.17 £ 0.06 1.19 + 0.02 0 %20.06
Don Juan 9 0.79+ 0.03 0.87 + 0.03 092+ 0.03 1.00+ 0.03 1.01040
Tirimbina 18 0.88+ 0.05 1.00+ 0.03 1.05+ 0.02 1.04 + 0.02 1+08.02
Piro 20 1.16 + 0.07 1.35+ 0.07 130+ 0.06 1.34+ 0.02 1.30 + 0.04
Pumilio 25 0.78+ 0.03 0.86+ 0.02 0.91+ 0.03 1.01+ 0.02 0.98.820
4 Rios 29 090+ 003 1.01+ 0.01 1.01+ 0.02 1.10+ 0.03 1.06Q050.
Caliente 35 117+ 006 1.23+ 0.03 122+ 0.05 140+ 0.04 1.29.68
Palma Real 60 1.17+ 0.09 1.29+ 0.03 1.27+ 0.08 1.44 + 0.028 $.3.05
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Appendix D. (Continued)

Age Depth interval (cm)

Life Zone Site name (yrs) 0-10 10-20 20-30 30-50 50-100

Premontane Rain Volcan 0.5 0.60+ 0.05 0.66 + 0.06 0.66 + 0@B7 + 0.07 0.85 + 0.06
Virgen Maria 10 0.48 + 0.04 0.49 + 0.06 0.47 £+ 0.02 0.58 + 0.0364Q& 0.05
Aleméan 15 0.32+ 0.03 0.43+ 0.03 0.46 + 0.04 0.52+ 0.03 0.50@30.
Cornelio 19 042+ 0.05 0.47 + 0.04 0.54 + 0.04 0.60 £ 0.03 0.5@.83
Milpa 20 040+ 0.01 0.46 £ 0.02 0.44 + 0.02 0.52 + 0.02 0.73 +50.0
Dos Ases 20 0.36+ 0.04 0.50 + 0.04 054 + 0.07 0.74 + 0.06 0.6¥.09
Cambronero 30 0.37 £ 0.04 0.56 + 0.10 0.64 + 0.07 0.72 + 0.054 6.9.06
Hondura 35 047+ 002 045+ 0.03 0.49+ 0.01 061+ 0.04 0.62050
Vargas 40 0.33+ 0.04 052+ 0.02 053+ 0.04 0.62+ 0.05 0.5404 0.

Kraven S.A. 50 0.40 + 0.02 0.40 + 0.02 0.43 + 0.01 0.56 + 0.0472G 0.08
Notes: "n.c" indicates samples were not collected.” indicates insufficient data to
calculate SE.
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Appendix E. Soil carbon concentration (%) of se@gdorests growing in six life
zones of Costa Rica. Values are mean + SE.

Age Depth interval (cm)
Life Zone Site name (yrs) 0-10 10-20 20-30 30-50 50-100
Tropical Dry Pitahaya 9 293+0.19 1.49+0.12 0.95+£0.07 40t0.04 0.78 £0.01
Bebedero 15 3.04 £0.12 1.84+0.12 0.92 £0.06 0.89 £0.04 n.c.
Pocosol 15 3.19+0.21 204 +£0.13 155%fn.a. n.c n.c.
Mal Uso 14 4.07 £0.19 2.38+0.05 1.88 £+0.05 1.44 +0.06 1.09.& n
Deep Throat 16 458 +0.35 2.76 £0.12 2.12 £+0.22 1.48 £+0.139 %0.16
Firebreaks 17 288 +0.43 148 +0.15 0.95+0.10 0.70 £0.08 n.c.
Principe 22 412+050 245047 151+0.25 1.16 £0.17 n.c.
Naranjo 26 5.08+0.81 224+037 222+0.17 156 +0.18 0.780%0
Buen Uso 27 4.00+0.28 248 +0.07 1.74+0.10 1.26 £0.04 0.841%
El Pozo 82 3.81+043 250011 2.05+0.08 1.23+0.14 0.83140
Tropical Moist Downey 0.42 4.39+057 210+0.16 1.24 £0.18.79 £0.05 0.50 +0.08
Valle Azul 7 1.64+0.09 1.00+0.07 0.64 £0.03 0.31 £0.03 02306
Caballos 7 514+0.79 267 +0.10 1.91+0.18 1.31+0.13 1.1230
Divino 9 239+005 1.63+0.15 1.02+0.13 0.51 £0.07 0.31 #0.0
Iguana 13 426 +0.22 2.67 £0.12 1.39 £0.15 1.08 £0.07 0.9260.
Quesera 16 4.10+058 3.18+0.72 3.00£0.99 1.26 +£0.01 n.c.
Dubya 20 4.02+0.34 2.36+0.23 1.58 +0.17 0.98 £0.07 0.73 20.0
El Tanque 28 198+055 151+0.29 1.04+0.19 0.82+0.20 @&bB77
Santa Teresa 30 3.12+0.25 1.62+0.06 1.07 £0.14 0.91 £0.188 6€0.10
Chonco 40 3.32+0.38 2.15+0.22 1.63+0.21 0.97 £0.15 0.5120.
Premontane Wet, Yucal 2 343040 258+0.15 231+0.19 1.76 +0.23 1.16 £0.35
Transition to Chupadero 6 276+022 1711019 1.39+0.17 0.79+0.20 0.a2&
Basal, Pacific Lapas 10 254 +0.13 151+0.10 1.02+0.14 0.55+0.08 0.38%0.0
Hotel 15 1.74+0.27 1.34+0.10 0.71+0.05 0.67 £0.12 0.64 £0.1
Luciano 22 318+035 1.72+0.13 1.12+0.13 0.71 £0.13 0.420¥0
Premontane Wet,Cano 3 566+024 351+022 254+0.24 1.89+0.19 1.30+0.15
Transition to SAT 900 6 483055 3.10+0.24 2.21+0.15 1.50+0.08 0.85080.
Basal, Atlantic Con Permiso 10 7.02 £0.41 4.16 £+0.45 276 £+0.20 1.72 +0.048 %.0.05
SAT 1000 15 441 +0.74 263 +0.09 1.75+0.07 1.42+0.06 1.0108
Pao 21 5.02+042 277 +011 212+0.08 1.37 £+0.08 1.28 +£0.08
Cascada 26 6.00+0.27 354+0.15 245012 1.70+0.11 1.296:0
Séabalo 27 5.08+0.34 278021 220014 1.61+0.15 1.23%0.
SHO 750 32 6.85+050 3.75+024 275+0.15 1.90+0.17 1.310&0
Tropical Wet Terciopelo 0.7 560037 3.54+0.19 2.6140.21.94 +0.22 1.44 £0.15
TUVA 1 325+0.13 218+0.11 156+0.17 0.91+0.11 0.54+0.10
Culebra 3 565+051 3.31+0.29 227 +0.15 1.65+0.16 1.21120.
La Huerta 6.5 3.70+0.17 217 £0.07 1.69 £+0.06 1.07 +0.06 6 ®&9.05
Don Juan 9 6.67+050 4531045 3.22+0.39 2.06+0.12 1.4M&0
Tirimbina 18 7.03+0.36 3.61+0.24 291 +0.10 1.94 £+0.11 1706
Piro 20 3.27£0.24 1.65+0.23 1.23+0.08 0.65*0.05 0.39 £0.02
Pumilio 25 6.92+0.29 3.86+0.13 257 +0.09 1.65+0.06 1.20a80
4 Rios 29 539+031 319012 236014 152+0.16 1.10&0.
Caliente 35 549+045 3.10+0.39 155+0.16 0.77 £0.14 0.400%
Palma Real 60 332+0.61 1.69+022 135020 0.57 +0.117 8.8.07
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Appendix E. (Continued)

Age Depth interval (cm)

Life Zone Site name (yrs) 0-10 10-20 20-30 30-50 50-100

Premontane Rain Volcan 0.5 9.90+0.77 6.89+0.37 4.96 £+1.30B8 £+0.39 2.84 +0.27
Virgen Maria 10 14.57 £1.37 9.71 £0.79 7.32 +0.75 4.63 +0.4981 +0.42
Aleman 15 17.53 £0.70 10.50 £0.27 6.14 £0.48 4.12 +0.41 3.0036
Cornelio 19 16.90 £1.22 6.64 £0.45 6.64 £0.45 4.95+0.84 3IBB33
Milpa 20 1563 +1.03 9.74+0.74 7.46 £+0.75 4.89 +0.52 2.32370.
Dos Ases 20 17.71£1.04 10.21 £1.16 5.95+0.47 3.83+0.164 3.0.29
Cambronero 30 17.30+0.81 9.47 +1.09 6.03 £0.75 3.58 +0.465 2.0.31
Hondura 35 15.95+0.50 10.66 +0.27 7.86 +0.12 6.19 +0.32 2.086
Vargas 40 20.46 £0.90 11.33 +0.52 6.63 +0.56 3.47 £+0.16 3.822

Kraven S.A. 50 18.33+0.73 11.16 +0.67 8.53 +0.78 5.52 +0.2655 +0.39
Notes: "n.c" indicates samples were not collected.”" indicates insufficient data to
calculate SE.







