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GENERAL INTRODUCTION



Chapter 1 General introduction

1.1 Introduction

Knowledge about carbon (C) and nitrogen (N) cyching related uncertainties is
essential to our understanding of ecosystems anditisphere. Human activities, such
as fossil fuel burning, mining, land use change agriculture, have altered C and N
cycles since long before the beginning of the IhkkisRevolution (Solomon et al.
2007). In the 1980s and 1990s land use changeaplyntropical forest-to-pasture
conversion, contributed to ~20% of the global atnhesic C emissions (Denman et
al. 2007). Moreover, these tropical C flux estinsdtad the highest uncertainty of all
the fluxes in the global C budget (Denman et ad730In addition, land conversion
may affect C storage indirectly due to change®ihrstrogen (N) and uncertainties in
the effects of forest-to-pasture conversion onNkheycle are also substantial (Neill et
al. 2005).

An improved understanding of global C and N cyclamgl its response to land
use change is needed to include N feedbacks iraH@ cycle models (Thornton et
al. 2007). The coupled climate-C cycle models usdte Intergovernmental Panel on
Climate Change’s (IPCC) most recent assessmenttdociude N feedbacks
(Denman et al. 2007). Nevertheless, N is the prrhianiting nutrient in terrestrial
ecosystems at mid and high latitudes, as well asportant co-limiting nutrient for
tropical plant growth, and hence, for terrestri@,Qptake (Reich et al. 2006,
Thornton et al. 2007).

Global C stock and flux estimates may contain langers because C stocks in
agricultural lands and their changes due to coiwere not as homogenous as
global C flux models assume. The IPCC’s most re28a7 assessment (Denman et
al. 2007) assumed that estimates of net C changetodorest-to-agricultural
conversion were fairly similar across the tropidsghton 2003). However, the
extent of C lost with vegetation change is highhgertain (Houghton 2007) as is the
fate of soil C and N stocks in response to landahsege (Guo and Gifford 2002,



Murty et al. 2002). Both net losses and gains ihG@and N stocks due forest-to-
agricultural conversion have been reported (GuoGiffdrd 2002, Murty et al. 2002).
Although the causes of this variability are notlwglderstood, climate explained
some variability in soil C stock changes (Amund2601, Guo and Gifford 2002)

Time since deforestation (land use age) plays qoitant role in controlling
the variability in soil C and N stocks among passuData on aboveground C and N
stock changes in agricultural lands over timensted, but stocks may decline rapidly
after forest-to-pasture conversion followed by@astiecrease over time (Kauffman et
al 2003). Generally, soil C stocks initially rapidiecrease after forest-to-cropland
conversion followed by a slower rate of soil C I@8kurty et al. 2002). Temporal
patterns of soil C change after forest-to-pastoreversion vary widely, and soil C
stocks have been found to: (1) steadily increase time, (2) initially increase and
then decrease, (3) initially decrease followed lbgavery over time, and (4) rapidly
decrease and then stabilize (Veldkamp 1994, Mur&). €002). The causes of this
variability are not well understood, although chesmi@h soil C may be related to
climate (Amundson 2001, Guo and Gifford 2002). Nthadess, the IPCC’s 2007
estimate (Denman et al. 2007) assumed that: (Neadtropical soil C stocks
consistently decreased for the first 20 years éftest-to-pasture conversion, and (2)
C stocks in the vegetation of all Neotropical pestuvere 10 Mg C/ha within 10 years
after deforestation (Houghton and Hackler 2001, ¢gthdon 2003). These assumptions
may have introduced biases into the global C budggnates.

Life zone (bioclimatic unit’'sensu Holdridge 1947 and 1967) based-estimates
of net ecosystem C and N stock changes may suladaneéduce possible biases and
uncertainties in global C flux models and aid tegelopment of coupled climate-C-N
models. Houghton et al. (1991) indicated thatZib@e-based estimates of croplands
and pastures in Latin America increased the ecesy§l flux between 1850 and 1990
by 15% compared to an estimate not stratified leydone. However, no life zone-
based estimate for C stocks in agricultural vegatavas used in that work, probably



due to a lack of data. In addition, Houghton e{#91) assumed all soil C stocks
decreased due to forest-to-agricultural conversegiardless of life zone.

My research objective was to improve our understandf the impacts of
tropical land use change on terrestrial C and Nkstol asked the following research
guestions: (1) Do aboveground and soil C and Nkstaad their net changes due to
forest-to-agricultural conversion differ among |lfene and agricultural land use type
in Costa Rica?; (2) Do aboveground and soil C arstiodks and their net changes due
to forest-to-pasture conversion differ by pastuge?a and (3) Can life zone-specific
estimates reduce potential biases and uncertaimggmnal and global C flux
estimates for forest-to-agricultural conversions?answer these questions | measured
aboveground and soil C and N stocks in 31 CostarRpastures representing
chronosequence sets within six different life zomesddition, | measured
aboveground and soil C and N stocks in 31 croplébtibanana, 10 coffee, and 10
sugarcane plantations) across a rainfall gradrelite zones where they are common
land uses (Appendix 1). | stratified my samplinfpes using Holdridge’s life zones
(1947 and 1967) and included eight different libmes that cover almost 80% of
Costa Rica (Bolafios and Watson 1993). | comparaddoN stocks in these
agricultural lands to C and N stock data from mateference forests sampled in a
companion study (Kauffman et al. unpublished) toneste C and N stock differences
between forests and agricultural lands (N dataaplends are not reported in this
dissertation).

Pasture soil C and N stocks and their net changesadforest-to-pasture
conversion are described in Chapter 2. In Chaptepf&sent aboveground C and N
stocks in pastures and their net changes due teecsion, as well as ecosystem C and
N stocks (sum of soil and aboveground C and N sfoakd changes in ecosystem C
and N stocks. Therefore, Chapter 2 and 3 are glosklted. In Chapter 4 | first
present ecosystem C stock estimates for banarfagcaind sugarcane plantations.
Then, | compare ecosystem C stocks among all dgmraliland uses (pastures,

banana, coffee, and sugarcane) and mature fovdstd) combines novel data



presented in Chapters 3 and 4. To conclude, | coenp# life zone based-estimates of
agricultural ecosystem C stocks and their net chsudgie to forest-to-agriculture
conversions for all of Costa Rica with estimatesdoaon Houghton’s (2003)

assumptions of no variation by life zone.
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CHAPTER 2

SOIL CARBON AND NITROGEN STOCKS AFTER FOREST-TO-PASRE
CONVERSION IN SIX PASTURE CHRONOSEQUENCES ALONG A
BIOCLIMATIC GRADIENT IN COSTA RICA



Abstract

In the 1980s and 1990s, forest-to-pasture convessiothe tropics contributed to
~20% of global carbon (C) emissions, and unceresnn these estimates were the
highest of all estimated fluxes in the global C dpeid In addition, land conversion
may affect C storage indirectly due to change®ihrstrogen (N). Much of the C and
N stored in forest vegetation is lost from the gstesm when forests are converted to
pasture, but the fate of C and N stocks in so#suaicertain. Life zone and pasture age
may play important roles in controlling the varigiin soil C and N stocks. Our
objectives were to: (1) quantify soil C and N s®ak pastures of a wide age range
across a broad climatic gradient; (2) quantifyctetnges in soil C and N stocks due to
forest-to-pasture conversion; and (3) determine soC and N stocks and
associated net changes varied with pasture agkf@azdne. We measured 0-1 m soill
C and N stocks in 31 Costa Rican pastures repiliagestironosequences within six
different life zones comprising a precipitation aathperature gradient from the
Tropical dry forest to the Tropical Lower Montara#r forest life zones. High spatial
soil variability, potential inadequate referencetuna forests, and the use of different
sampling tools to estimate soil bulk density in unatforests and pastures contributed
to uncertainties in net soil C and N stock chardyesto forest-to-pasture conversion.
All pastures had higher soil bulk densities thanureaforest reference sites
throughout the 0-1 m depth profile. After accougtiar increases in soil bulk density,
soil C and N stocks averaged 15% (22 Mg C/ha) &3d (2.2 Mg N/ha) higher in
pastures than in reference mature forests. Howewueresults varied by life zone
ranging from net decreases (-30% C and -36% Ngtoncreases (96% C and 52% N)
in soil C and N stocks. Decreases were found imtheical dry forest and Lower
Montane rain forest life zones and increases waurad in the other life zones.
Generally, soil C and N stocks decreased with pastge, except in the Tropical
Premontane rain forest life zone where we obseaveidicrease. The effect of life

zone and land use conversion on soil C and N stweksgreater than pasture age. We
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suggest that potential bias and uncertaintiesaifajlC stock and flux estimates could
be reduced if the variability in soil C stocks aret changes related to life zone are

incorporated when estimates are made.
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Chapter 2 Soil carbon and nitrogen stocks after forest-to-pasture conversion in

six pasture chronosequences along a bioclimatic gradient in Costa Rica

2.1 Introduction

Knowledge about carbon (C) and nitrogen (N) cyclng related uncertainties is
essential to our understanding of ecosystems anbditisphere. Human activities, such
as fossil fuel burning, mining, land use change agyitulture, have altered C and N
cycles since the beginning of the Industrial Retiolu(Solomon et al. 2007). In the
1980s and 1990s land use change, primarily tropacabkt-to-pasture conversion,
contributed to ~20% of the global atmospheric C smis (Denman et al. 2007).
Moreover, these tropical C flux estimates had tigbdst uncertainty of all the fluxes
in the global C budget (Denman et al. 2007). Traldend use change is also a large
source of another important greenhouse gas, niogae (NO), which is released
during forest biomass burning, cattle raising, ase of N fertilizers (Denman et al.
2007). The impacts of forest-to-pasture conversiothe N cycle are also highly
uncertain (Neill et al. 2005).

An improved understanding of global C and N cyclamgl its response to land
use change is needed to include N feedbacks imaid-C cycle models (Thornton et
al. 2007). The coupled climate-C cycle models usdtle Intergovernmental Panel on
Climate Change’s (IPCC) most recent assessmentidociude N feedbacks
(Denman et al. 2007). Nevertheless, N is the prrharting nutrient in terrestrial
ecosystems at mid and high latitudes, as well asmpartant co-limiting nutrient for
tropical plant growth, and hence, for terrestri@,Qiptake (Reich et al. 2006,
Thornton et al. 2007).

The fate of soil C and N stocks in response to las&lchange is uncertain.
Both net losses and gains in soil C and N stoclksfdkest-to-pasture conversion have
been reported. Two global reviews found that orraye either: (1) net soil C stocks
increased (Guo and Gifford 2002), or (2) net sodir@ N stocks remained the same
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(Murty et al. 2002). Guo and Gifford (2002) fourdit sites with precipitation
between 2000 and 3000 mm/year had net increaske@ stocks after conversion;
whereas sites with higher or lower precipitatiod bath increased and decreased soil
C stocks, suggesting that soil C changes are cetatelimate. In addition, Amundson
(2001) reported that soil C loss rates due toatiton increased with temperature.
Nevertheless, the IPCC’s latest estimate assunagaliitropical soil C stocks
decreased after forest-to-pasture conversions (kfongand Hackler 2001, Houghton
2003, Denman et al. 2007), introducing a possitas imto the global C budget.

Time since deforestation (pasture age) also playmportant role in
controlling the variability in soil C and N stocksong pastures. Temporal patterns of
net soil C change after forest-to-pasture convargay widely (Murty et al. 2002).
Soil C stocks have been found to: (1) steadilyease over time, (2) initially increase
and then decrease, (3) initially decrease follolwed recovery over time, and (4)
rapidly decrease and then stabilize (Veldkamp 1884ty et al. 2002). The causes of
this variability are not well understood. Nevertsd, the IPCC’s 2007 estimate
(Denman et al. 2007) assumed that all NeotropmialGsstocks consistently decreased
for the first 20 years after forest-to-pasture @msions (Houghton and Hackler 2001,
Houghton 2003), introducing yet another possibées lmto the global C budget.

Because climate explained variability in soil Ccétehanges (Amundson
2001, Guo and Gifford 2002), life zone based-egnaf net soil C and N stock
changes may reduce possible biases and uncersamtgobal C flux models
substantially and aid the development of coupledatie-C-N models. Life zones
(bioclimatic unitssensu L.R. Holdridge 1947 and 1967) or other climaticiables
explain much of the variation in soil C and N stoéund in the tropics (Jenny 1941,
Post et al. 1982 and 1985). For example, 0-1 m&aihd N stocks in mature
(Kauffman et al. unpublished data) and secondamste (Cifuentes Jara 2008) varied
by life zone when estimated across a broad clingeidient in Costa Rica.

In this study we determined tropical soil C andtbcks and associated net

changes related to life zone and land use durati@osta Rica. Our objectives were
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to: (1) quantify soil C and N stocks in pastures efide age range across a broad
climatic gradient, (2) quantify net changes in €dé&nd N stocks due to forest-to-
pasture conversion, and (3) determine how soil €Nustocks and associated net
changes varied with pasture age and life zone. Mpeeifically, we addressed the
following research questions: (1) Are life zone artloer climate variables predictors
of soil C and N stocks in pastures and their nahgles due to pasture-to-forest
conversion?; (2) Do soil C and N stocks in pasteresige with pasture age?; and (3)
Does the effect of pasture age on soil C and Nkstdiffer by life zone?

2.2 Methods

2.2.1 Study areas

Our research was conducted in Costa Rica becahas @n extremely high biotic and
physical diversity in a relatively small area (3101knt). Costa Rica is bordered by
the Atlantic and the Pacific oceans, and is diggkby volcanic mountain ranges from
northwest to southeast. Across all sampled pastorean annual precipitation ranged
from 1512-5126 mm/year and mean annual temperednged from 16.8-27.8
(Table 2.1). There are 23 different life zones osta Rica including 11 transition life
zones (Bolafios and Watson 1993). Transition lifeesoare transitions between two
major life zones, similar to ecotones. The majooityCosta Rica is classified as
Tropical moist forest (14%), Tropical wet fores6¢t), Tropical Premontane moist
forest-warm (9%), Tropical Premontane wet forestrwvgl4%), Tropical Premontane
wet forest (8%), Tropical Premontane rain fore8t)Y9and Tropical Lower Montane
rain forest (7%). The other 16 life zones cover <& osta Rica (Bolafios and
Watson 1993). Deforestation in Costa Rica startetie Tropical dry and moist forest
life zones, and later in the Tropical wet and TecapPremontane moist and wet forest
life zones; by 1983, only the less accessible daretie very wet life zones retained

relatively undisturbed forest (Sader and Joyce 1988002, pastures made up about
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46% of Costa Rica and 90% of all agricultural larseé types in the country (FAO
2008).

2.2.2 Site selection

We stratified pasture sites by six dominant lifee®in Costa Rica (Table 2.1). Within
each of these life zones, we sampled one chronesegquconsisting of five or six
pastures of various ages. The sites for each chemuence were selected based upon
their proximity to mature forest sites sampled roanpanion study (Kauffman et al.
unpublished; Appendix 1). We used these maturestereference sites to infer
impacts of forest-to-pasture conversion. We avoateas of anomalous soils, rock
outcrops, and riparian zones. In the Tropical dng$t life zone all pastures were flat
while pastures in all other life zones includedsi® between 0-47 degrees. At each
site, geographic coordinates and elevations (Tallewere derived from global
positioning system (GPS) readings.

Our pasture chronosequences represented the brege@esnge (time since
deforestation) within the sampled area that weaéuobd given time and resource
constraints. We determined pasture age by intesvigith landowners and other local
residents and once with aerial photographs. Cheanesnces are space-for-time
substitutions and a critical assumption of thisrapph is that the conditions for all
pastures within a chronosequence were initiallysgre, and thus, differences
between pastures of different ages were due taigaage alone. Assumptions critical
to determine net changes due to forest-to-pastureersion were that our sampled
forests were in equilibrium and that forest cormhis at the pasture sites prior to
conversion were similar among sites within eaah zibne. These assumptions were
impossible to verify, but we carefully selecteasito minimize confounding factors.

Pasture management differed by site and we madé¢t@mpt to account for
these differences. All the pastures were ownedimligo large beef cattle ranchers or

dairy farmers, and had been actively grazed siaséupe establishment. Prior to
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pasture establishment, many of the pastures waialincultivated with rice or corn
for 1-2 years after forest clearing. Slashed ferestre often burned before pastures
were established. In the Tropical dry forest lime, pastures were burned
periodically as part of their maintenance. Pastuvaers indicated that environmental
and health concerns had reduced the use of firecent years. We sampled all

pastures from January to March 2002.

2.2.3 Environmental variables

We estimated mean annual precipitation by usingidaest meteorologically station
data (Instituto Meteorologico Nacional 1988), coteel for the position of the site
location on the life zone map (Bolafios and Wate98). For example when the
position of the actual pasture site was closenhéddiorder of a drier life zone than the
reference meteorologically station, then the piigatijpn for the actual site was given a
lower precipitation estimate than the referencestaThese manual corrections were
conducted independently by R. Bolafios, Dr. J.Ai&ad V. Watson (life zone and
climate experts at the Tropical Science Centerast&Rica); we used the mean of
their estimates. Mean annual temperature data eldegned by applying equations
relating temperature with elevation for five clinegdbrovinces of Costa Rica (Castro
1992).

Costa Rica has very high soil variability and nmexst orders can be found in
the country (Alvarado 2006). We did not attemptiébermine the soil types of our
sampled sites due to time and monetary constrdatsed on a coarse-scale soil map
(Pérez et al. 1978) our sampled pastures includisifsom the following orders:
Entisol, Alfisol, Inceptisol, Ultisol, and Andisolhe inaccuracy of the soil

classification map at the site-level scale prediuidemal analyses of these data.
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2.2.4 Soil sampling and analysis

We determined soil C and N stocks through collectbsoil samples following
methods similar to those outlined in Hughes e{24100). One 50- x 100-m macro
plot, used to measure total above ground biomasapi@r 3), was established near the
center of a pasture. We sampled soils in each pgaatdive locations spaced every 25
m along a 100-m transect bisecting the macro plppéndix 2). We collected five

soil cores at each of the five locations (25 cqespasture). The cores were collected
down to 1 m depth with a gouge auger for hard g&iigelkamp, Giesbeek, The
Netherlands, width between vertical cutting edg@s4=cm). An impact absorbing
hammer (Eijkelkamp, Giesbeek, The Netherlands)wsasl if the gouge auger could
not be pushed into the soil manually. We partitbtiee soil cores by depth into five
layers: 0-10, 10-20, 20-30, 30-50 and 50-100 cm.n¥d the five soil cores
collected at each sampling location to create apamite soil sample for each depth
layer per location. A total of five composite sapgbf each depth from each pasture
(25 composite soil samples per pasture) were peégfar soil C and N analysis. We
used the same gouge auger to take soil bulk desesiyples as for sampling for soil C
and N analysis. For each depth layer we deterntimedoil bulk density once at each
of the five sampling location®1 & 5 per depth layer for each pasture). At eaclhidep
layer, we sampled 3 cm of one soil core (volum&=tt), which was cut flush with
the vertical cutting edges of the gouge auger uaikgife. The soil bulk density
samples were placed in airtight soil cans. Stomderd was negligible at most pasture
sites and we did not attempt to correct for itp&stures in the Tropical dry forest life
zone, we reached the depth of impedance or a sireg&stance around 50 cm depth,
and therefore, we did not collect soil sampleghierdeepest layers at those sites. We
oven-dried all soil samples for 1-3 days at 65 A@ @etermined dry weight of the soill
bulk density samples. Soil samples were transpaa€tegon State University where
they were sieved to remove particles >2 mm in diemeand ground to allow passage

through a 60-mesh screen (250-um pore size). Totadd N concentrations in the
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soils were determined by induction furnace methdelfon and Sommers 1996) using
a Carlo-Erba NA series 1500 NCS analyzer (Fisossuments, Danvers,
Massachusetts) at Oregon State University. Son@M stocks were calculated by
multiplying soil C and N concentrations with soillk density estimates, the length of
the soil layer, and a unit conversion factor. Weuased that the differences in soil C
and N stocks between pastures and mature forestsil(C and N stocks) were due to
the conversions from forest-to-pasture.

When comparing pasture soil C and N stocks to radtrests a correction is
needed to exclude the confounding effects of adk density change (Ellert and
Bettany 1995, Fearnside and Imbrozio Barbosa 19@8ty et al. 2002). Thus, we
applied a correction for the differences in soilkldensity between forests and
pastures (Veldkamp 1994, Ellert and Bettany 19@%vd? and Veldkamp 2005). This
resulted in pasture soil C and N stock estimatea &oil mass equivalent to those
sampled in 0-1 m reference forest soils. The ctime@rocedure is complex because
the soil C and N stock estimate of any given lagelependent on the estimates from
the layers above (Appendices 3 and 4). For examaplebulk density in the top soil
(0-10 cm) for the 29 year old pasture was 1.2 g/fanul 0.8 g/crhin the reference
forest. The 0-10 cm corrected soil C and N stonkbat pasture were calculated by
using equations reported in Appendix 4, and th® @+h equivalent soil pasture depth
was 7 cm. The remaining 3 cm of sampled pastutdrsan the top layer was then
included in the calculation of the 10-20 cm coreelgbasture soil C and N stocks. The
same procedure was followed for the remaininglagérs. The cumulative corrected
soil stocks (e.g. 0-30 cm or 0-100 cm) were catealdy summing the corrected
stocks for the individual layers. If the soil mgsesent in 0-1 m reference forest soil
was greater than the soil mass present in 0-1 mungesoil (i.e., the opposite of soil
compaction) then the % soil C and soil bulk densftthe “missing” soil mass in
pastures was assumed to be the same as in theD5@vlidyer. Soil mass was
“missing” in 18 of our pastures when calculatinguated soil C and N stock estimates
(section 2.2.5).
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2.2.5 Adjustments of reference matur e forest estimates

Most mature forests that served as reference ®festhe pastures were sampled
using a different gouge auger (tool B [JMC 51-728%: volume = 23.7 chywidth
between vertical cutting edges = 3.45 cm) thargthege auger (tool C) used to
sample pasture soils. Two reference forests wenplea with the same gouge auger
as was used to sample pasture soils (tool C).

We used the relationship between soil bulk derasity % soil C (Périé and
Ouimet 2008) to investigate the impacts of theeddht sampling tools on the soil
bulk density estimates, assuming that our samphiathods did not influence our %
soil C estimates. We made scatter plots of theiogeiship between all soil bulk
density and %soil C estimates stratified by tooldib mature forest data from
Kauffman et al. (unpublished) (Appendix 5). We cédted different regression lines
for each mature forest data set sampled with arifit tool (Appendix 5). If the
regression equations were different for each samgpbol then there may have been a
sampling tool bias, although, other factors thay imave influenced the regression line
could not be excluded.

To determine the effect of the potential samplingj bias on our results we
standardized all soil bulk density estimates useggession equations. We calculated
soil bulk density estimates of all mature referefacests sampled with tool B with a
regression equation based on mature forest datpledmith tool C (Appendix 6).
These adjusted forest soil bulk density estimate®wsed to calculate adjusted (
soil C and N stocks in forests and pastures in@ec?.3.3 and 2.3.4. We report both
original and adjusted soil C and N stock estimates in these sections.afjusted
soil bulk density estimates in mature referencedts were compared with the original
soil bulk density estimates (Kauffman et al. uni®d) in sections 2.3.1. In this
dissertation we specifically state if estimatesenadjusted and in all other cases
statements refer to our original estimates. Stedisanalyses were only applied to our

original estimates, except for six tests reportediable 2.2. The adjusted estimates
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may have excluded sampling tool bias, but it heeedluced an uncertainty because
adjusted soil bulk densities are based on a ragresguation instead of actual

measurements.

2.2.6 Statistical analyses

We determined Pearson coefficients of correlatipmihong soil response variables in
all 31 pastures and pasture age, elevation, teyserand precipitation independent
of life zone, and used scatter plots to intergrett. We compared six regression lines
that described the net change of soil variablek péisture age for the six different life
zones for each soil response variable: soil C aistbbks, soil C and N stock
difference between pastures and foreatsdil C and N stocks), % soil C and N, and
soil bulk density. Regression line comparisonstesthether the: (1) slopes of the
regression lines were similar to each other (homeifg of slopes), (2) response
variable correlated with pasture age (slg@®, and (3) chronosequences (and thus
life zones) were different from each other, white@unting for the effect of pasture
age (unequal intercepts). If the slopes of thea®gjon lines differed among life zones
(test 1), we did not conduct test 2 and 3 becatifeecage by life zone interaction. If
we detected an age effect (test 2), then we coaduest 3, which was similar to an
analysis of covariance with pasture age as a cateaiif we failed to detect an age
effect (test 2), then test 3 resembled an anabfsiariance.

We used Bayesian Information Criterion (BIC) tokaapriori models
estimating C stocks using maximum likelihood estiora We developed our set of a-
priori models to test how well life zones predictail C stocks compared to
individual climate variables, and if pasture ageswaportant. Correlation coefficients
and scatter plots revealed that elevation, tempexaprecipitation, and life zone were
highly correlated and therefore models that inclad@mbination of these variables
were excluded to avoid effects of multicollinearibjodels that were within 2 BIC
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units of the “best” model were considered stroraglgnpeting models and models
between 2 and 4 BIC units of the “best” model wdassified as competing models.

We conducted pair wise multiple comparisons witlk@yiKramer adjustments
to test for differences in soil response variabl@®ng life zones without correcting
for age. Soil C and N concentrations and stockewatural log-transformed to
correct for unequal variance and we back-transfdrthese results. Hence we report
differences between median life zones estimates@ey and Schafer 2002). All
statistical tests were conducted in PROC CORR &@® MIXED using SAS
software, Version 9.1 of the SASystem for Windows (SAS Institute 2002-2003).

Although the ranges of pasture age for the diffeochronosequences were not
identical, they overlapped substantially (Table) 2ahd therefore, we assumed that
our comparison of regression lines was an apprgppigocedure. In this study
insufficient data were available for years immeelyatfter deforestation, therefore
only pastures8 years were used to test for age effects in thegpaoison of regression
lines. We conducted the BIC model ranking anali@isll 31 pastures, and for the
data set without the two youngest pastures. Wedaoed determine the exact age of
five pastures due to constraints in time and ressufTable 2.1). Therefore, the
following nominal ages were used for those fivetpaEs in the analyses: >75 years =
75 years, >47 years = 50 years, >69 = 70 yearsye8ts = 40 years. We report
results on the sensitivity of our regression aregysy using the ages: >75 years (site
a) = 100 years, >75 years (site b) = 150 yearsyedrs = 50 years, >69 = 80 years,
>35 years = 50 years. This did not substantidignge correlations between 0-1 m
soil C and N stocks and age, and did not changedimparison of regression lines for
0-1 m (A) soil C and N stocks.

'Copyright © 2002-2003 SAS Institute Inc. SAS arlb#hier SAS Institute Inc. product or service
names are registered trademarks or trademarks 8fl8gtitute Inc., Cary, NC, USA.
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2.3 Results

2.3.1 Soil bulk density

Comparisons of regression lines indicated thattadk densities in pasture$ years,
at all depths, did not change with pasture agalifigred by life zone (Table 2.2).
Pastures in the Tropical dry and moist forestdibaes generally had the highest soil
bulk density at all depths, while pastures in tihepical Premontane rain and Tropical
Lower Montane rain forest life zones had the low@spendices 7-8). Similarly, soil
bulk densities at all depths decreased with pretipn ¢ < -0.84,P < 0.01) and
elevation ( < -0.59,P < 0.01), and increased with temperaturea 0.73,P < 0.01,
Appendices 9-10). In the first 3 soil layers sailkbdensity increased slightly with
pasture age when all pastures were combinad(31,P < 0.1; Appendix 9).
Measured soil bulk densities were higher in pastaihan forests at all depths,
which necessitated correcting soil C and N stotkneges to determine how land use
conversion and duration influenced C and N stoéggpéndices 7-8). Average soll
bulk densities in pastures were between 1.0 andrB&s higher than their reference
mature forests, with the most pronounced differsricghe upper soil layers. Soil bulk
density generally decreased with depth in bothypastand forests (Appendices 7-8).
Adjusted solil bulk densities in mature referermes$ts that were standardized
for different tools used during sampling were gafigiigher than our measured
estimates. Differences between measured and adjssiiebulk density estimates in
mature forests increased by depth and varied eybhe (Appendices 7 and 8). The
soil bulk density estimates in pastures were omamee48, 19 and 1% higher than the
adjusted soil bulk density estimates in maturedisren the 0-10, 10-20 and 20-30 cm
soil layers, respectively, and on average 6 and [b3%r in the 30-50 and 50-100 cm

soil layers, respectively (Appendix 8).



21

2.3.2 Soil C and N concentrations

Soil C and N concentrations (% soil C and N) werergyly correlated in our pastures
throughout the soil profile (for all depths= 0.98,P < 0.01, Figure 2.1a). Generally,
% soil C and N decreased with depth in all past@hependix 11-13). In the 0-10 cm
soil layers, % soil C and N were 3-13 times higihan in the 50-100 cm soil layers
(Appendices 11-13).

Comparisons of regression lines indicated thatiame® soil C and N in
pastures8 years, differed by life zone at all depths (Téh2 N not shown because
the patterns were almost identical to C). MediaadhhC and N in pastures8 years
in each life zone was different from two to fouu{@f five) other life zones, and the
number of differences among life zones decreast#ddepth (Appendix 11-13). In
general, across all depths the pastures in thedaiogiry and moist forest life zones
had the lowest % soil C and N and the pasturdsatopical Premontane rain and
Tropical Lower Montane rain forest life zones hiad highest (Figure 2.1a, Appendix
11-13). Similarly, when pastures were combined oG and N at all depths
increased with precipitation and elevation, ande&sed with temperature
(Appendices 9-10).

In pasture$8 years, pasture age did not affect % soil C ama idost layers
except in the 30-50 cm layer where the effect @f ag % soil C and N differed by life
zone (C:F116=4.08,P =0.01; N:F1 16= 7.34,P = 0.001; Table 2.2). When pastures
were combined, % soil C and N slightly decreaseti pasture age in some layers
(maxr =-0.40; Appendix 9) but these correlations weeakvcompared to the

relationship with climate variables (Appendix 9).

2.3.3 Soil C and N stocks

Comparisons of regression lines of pasta@gears indicated that median corrected

soil C and N stocks differed by life zone (Tabl2 and Figure 2.2). However, soil C
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and N stocks within life zones were highly varial@ed generally, standard errors
increased with increasing C and N stocks but caefits of variation did not (Table
2.3). Corrected 0-1 m soil C stocks were stronglyetated with soil N stocks in our
pasturesr(= 0.98,P < 0.01; Figure 2.1b), hence our results for sadd N were
similar. Median 0-1 m soil C stocks in pastur8syears formed three different
groups: 1) the Tropical dry and moist forest limes had the lowest estimates, 2) the
Tropical wet forest and Premontane wet forest-wifierzone estimates were more
than twice as high as the first group, and 3) ttapital Premontane and Lower
Montane rain forest life zone estimates were dyghigher than group 2 (Table 2.3).
We did not test for life zone differences for 0-1soil N stocks because of the
interaction effects between age and life zone @ak®), but median 0-30 cm
corrected soil N stocks in pasture8 years for each life zone were different from
three to four out of five other life zones (Tabl8)2 Corrected 0-1 m soil C and N
stocks increased with precipitation (C= 0.91,P < 0.01; N:r =0.90,P < 0.01) and
elevation (Cr =0.70,P < 0.01; N:r =0.72,P < 0.01), and decreased with
temperaturer(= -0.84,P < 0.01) (Figures 2.3a-d, Appendix 9).

The effect of pasture age on corrected soil C astbisks for pastures3 years
was inconsistent by depth layers (Table 2.2). Galyersoil C and N stocks decreased
with depth (Appendices 14-17). Corrected soil C Bngtocks in the first 10 and 30
cm did not change with pasture age (Table 2.2)leMhil m corrected soil C stocks
decreased slightly with age(,=5.70,P=0.03) (Figure 2.2a). Furthermore, the effect
of age for 0-1 m soil N stocks differed by life zofr, 17=2.95,P = 0.04; Figure
2.2b). The effect of pasture age on corrected@ailocks adjusted for potential tool
bias was similar to our original estimates, whibeimteraction or age effect was found
for adjusted soil N stocks (Table 2.2). When a#itpees were combined, soil C and N
stocks slightly decreased with pasture age foetitge soil profile (Appendix 9). Soil
C and N stocks for the two pasturesyears were highest within their life zone (Table
2.3).
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Changes in soil C and N stocks associated withupasige were relatively
small compared to differences among life zones.example, regression showed that
0-1 m corrected soil C stocks in an average pas@igears in the Tropical dry forest
life zone decreased from 82 Mg C/ha at age 10 thig4£/ha at age 70, whereas, in
the Tropical Lower Montane rain forest life zon& @1 corrected soil C stocks
decreased from 273 to 246 Mg C/ha for the sameayge.

The BIC model ranking results confirmed our firgBrbased on our regression
line comparisons. The “best” BIC-ranked model pegdg corrected 0-1 m soil C
stocks included the variables age and life zonél€la.4a). Additionally, BIC
rankings suggest that life zone was a better pradat soil C stocks than temperature
or precipitation alone, and adding age to the Wwéemlife zone and temperature in
models with those terms improved model fit. Aftgcleding the two youngest
pastures, rankings indicated that two other mocetspeted with the age and life zone
model (Table 2.4b). The first competing model haly déife zone as a predictor
variable and the second competing model includedtanaction between age and life
zone. When ranking models to predict 0-30 cm sa@tdeks, the best model included
life zone, indicating that the effect of age on §bstocks was not as strong in 0-30 cm
as in the 0-1 m soil layer (Appendix 18). Never#iss| the life zone and age model
strongly competed with the life zone model for 0e80 soil C stocks (Appendix 18).

On average, soil C and N stock estimates in pasadpisted for standardized
soil bulk density estimates for mature forests v&¥and 23% higher, respectively,
than our original pasture soil C and N stock estméFigure 2.2 and Appendix 19).
Generally, the smallest increases due to adjustiidulk density estimates were
found in the Tropical dry forest pastures and #igést increases in the youngest
pastures in the Tropical wet forest and Lower Moateain forest life zone (Appendix
19).
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2.3.4 Effects of forest-to-pasture conversion on soil C and N stocks

Average corrected 0-1 m soil C and N stock in pastB years were 10 + 5% (15 £ 7
Mg C/ha) and 12 + 4% (1.7 £ 0.5 Mg N/ha) higheeaforest-to-pasture conversion.
However, estimates were highly variable, rangimgnf-36% (-39 Mg C/ha) to 62%
(78 Mg C/ha) forA 0-1 m soil C stocks, and -41% (-3.7 Mg N/ha) t&446.0 Mg
N/ha) forA 0-1 m soil N stocks (Table 2.5). TheD-1 m soil C and N stocks in the
two pastures2 years, which were excluded from the comparisaregfession lines,
were high (C: 49 and 96%; N: 52% for both). Coredet 0-1 m soil C stocks were
correlated withA 0-1 m soil N stocks in our pastures=(0.92,P < 0.01) (Figure
2.1c).

On average\ 0-1 m soil C and N stock estimates adjusted feemal tool
bias in soil bulk density estimates were 21 Mg Glhd 1.4 Mg N/ha lower,
respectively, than origina@l 0-1 m soil C and N stock estimates (Tables 2.52a61
Differences between original and adjuste@-1 m soil C and N stocks varied from -
93 to 36 Mg C/ha and -6.5 to 3.0 Mg N/ha compacedriginal estimates,
respectively. On average, adjuste®-1 m soil C stock were -4 Mg C/ha while
adjustedA 0-1 m soil N stock indicted no change (Table 218 Rigure 2.5).
Nevertheless, adjusteéd0-1 m soil C and N stocks due to pasture-to-fatestersion
varied by pasture from -104 to 145 Mg C/ha and t6.80.5 Mg N/ha, respectively
(Table 2.6).

The direction and relative magnitude of originasoil C stocks differed by
soil depth for some of our pastures (Table 2.5)il&\dwverage\ soil C stocks in the
Tropical moist forest and Tropical Premontane fanest life zone increased in 0-1 m,
they decreased in the 0-30 cm soil layer. For tastyres in the Tropical Lower
Montane rain forest life zon soil C stocks decreased in the 0-1 m soil layailev
they increased in the 0-30 cm layer. In the Trdgizamontane wet forest-warm life
zone,A soil C stocks in 0-1 m soils were relatively sntalimpared to 0-30 cm soils.
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In Tropical dry forest life zone, negativesoil C stocks in the 0-1 m soil layer were
relatively large compared to the 0-30 cm soil layer

The effect of age was not uniform for all life zerend the analysis was
sensitive to the exclusion of certain pastures.e@aly, A 0-1 m soil C stocks in
pastures8 years in the Tropical wet forest life zone desesbwith pasture age, but
changes with pasture age were less profound quresent in other life zones (Figure
2.4ac). Absolute (original and adjustedP-1 m soil C stock estimates in pastur8s
years were unrelated to age (Table 2.2; Figure) ZI4eere was an interaction effect
between age and life zone for absolute origin@t1l m soil N stock estimateBs(17=
3.5,P =0.02; Table 2.2 and Figure 2.4b) while absoldjestedA 0-1 m soil N
stocks were unrelated to age (Table 2.2). Therealgmsan interaction between age
and life zone for relativa 0-1 m soil C and N stocks (€s,17= 2.9,P = 0.047; N:
F117= 3.7,P=0.02; Table 2.2 and Figure 2.4cd). After exclgdine oldest pasture
(70 years) in the Tropical Premontane rain foréstzione, the interaction effect was
insignificant (C:Fs16= 1.8,P = 0.16; N:F; 1= 1.1,P = 0.4) and the effect of age
became similar for all life zones (€; 2;= 9.06,P = 0.01; N:F; 1,=5.66,P = 0.03).
The 70-year-old pasture had higher relativ@-1 m soil C and N stocks than any of
the other pastures >54 years old and was the @stype >54 years old in higher
elevation life zones. Within the same life zone T®-year-old pasture was not an
outlier.

Comparisons of regression lines of pastai@years indicated soil C and N
stocks varied by life zone (Table 2.2). All liferes were different from three to five
other life zones when comparingsoil C stocks in pastures years, but we did not
conduct this test for 0-1 m soil N stocks due ®ititeraction between life zone and
pasture age (Table 2.5). Original and adjustedGaiiock estimates in most pastures
in the Tropical dry forest and Tropical Lower Moméarain forest life zone were lower
than in their reference forests. Pastures in Akolife zones (with the exception of
one pasture in the Tropical moist forest life zoma&)l higher original soil C stock

estimates than their reference forests (Tablear2d32.6). In contrast, soil C stock
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estimates adjusted for tool bias were also lowan their reference forests in the
Tropical Premontane rain forest life zone (Tab®.20riginal soil N stock estimates
were lower than their reference forest in all peegtun the Tropical dry forest life zone
and two pastures in the Tropical Lower Montane farast life zone; all other
pastures had higher soil N stocks than their ref@dorests (Table 2.5). In contrast,
adjusted soil N stock estimates were lower thair théerence forest in most pastures
in the Tropical dry forest, Tropical Premontane &od/er Montane rain forest life
zones and in one pasture in the Tropical moiststdie zone (Table 2.6). In the
Tropical wet forest life zone, original soil C skoestimates were 1.5, and original soil
N stock estimates 1.4 times higher due to conveysubich was relative high
compared to other life zones (Table 2.5).

The “best” BIC-ranked model predicting absolit@-1 m soil C stocks
included the variables age and life zone (Tabla)2 Additionally, life zone and age
predictedA 0-1 m soil C stocks better than temperature aadipitation alone. After
excluding the two youngest pastures, the age &ddne model strongly competed
with the best ranked life zone model in predictin@-1 m soil C stocks (Table 2.7b).
TheA 0-1 m soil C and N stocks increased with predipita(C:r = 0.58,P < 0.01;
N:r=0.72,P <0.01; Figures 2.3e-f), and decreased with age £G0.65,P < 0.01,
N:r =-0.59,P < 0.01; Appendix 9), confirming the comparisorr@gression lines
and BIC model ranking results.

2.4 Discussion

2.4.1 Soil C and N stocksin pastures

Our estimates of soil C stocks in pastures acra$isnatic gradient in Costa Rica were
similar to other studies in the Neotropics. Povard Veldkamp’s (2005) estimates of

corrected 0-30 cm soil C stocks in pastures inftiopical wet forest and Tropical

Premontane wet forest-warm life zone in Costa dal12 Mg C/ha) were
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comparable to our pastures (0-30 cm: 80-121 Mg )CAithough DeKoning et al.
(2003) used forest instead of pasture soils bulisitig estimates to estimate soil C
stocks, their estimates of 0-50 cm soil C stocksastures in Ecuador (59-195 Mg
C/ha) were similar to our corrected 0-50 cm saodt@ck estimates (54-212 Mg C/ha).
Our 0-30 cm soil C stock estimates in pasturebenTiropical moist forest life zone
(41-51 Mg C/ha) were less variable but within tAege of estimates (32-61 Mg C/ha)
from a similar life zone in the Brazilian AmazondiN et al. 1997). The 0-1 m soil C
stock estimates by Hughes et al. (2000) in therSplaial rain forest transition to
perhumid life zone in Los Tuxtlas, Mexico (154-198 C/ha), were most similar to
our pastures in the Tropical wet forest and TrdgRzamontane wet forest-warm life
zone.

Estimates of N stocks in pastures elsewhere wéatuwaly rare compared to C
stocks. However, we would expect our soil N stostingates to be in a similar range
compared to other areas, unless soil C and N warasnhighly correlated as in our
study. Post et al. (1985) reported that globaldvegje followed similar patterns as soil
C storage. The C:N ratios in our pastures and radtuests in the Tropical wet forest
life zone were lower (11.3-18.0) than C:N ratio8.23+ 12.8 SD) in forests reported
by Post et al. (1985) for this life zone. Our $BiN ratios in pastures in the Tropical
dry (8.0-13.8) and moist forest life zones (7.32) Tell within the same range Post et
al. (1985) reported (13.3 + 16.6 and 14.9 * 8.6 ®Bpectively) for forests in these
life zones.

We presented the first estimates of pasture samN stocks in the Tropical
Premontane and Lower Montane rain forest life zoné&3osta Rica, which were both
higher than our estimates for other life zones.il@mestimates were found for
Venezuelan forests in the Tropical Lower Montanestand Tropical Montane wet
forest life zones where 0-1 m soil C stocks rangetsveen 186 and 319 Mg C/ha
(Delaney et al. 1997). Our estimates for pasturdke various wet and rain forest life
zones were about twice as high in soil C as theajl®ropical rain forest life zone



28

estimates, but were common values for soils ofar@tcorigin (Andisols) (Batjes and
Sombroek 1997).

2.4.2 Relationship between life zone and pasture soil C and N stocks

Across all sites, life zones explained substantaiability of our original and adjusted
pasture soil C and N stock estimates. Life zonedipted soil C and N stocks better
than climate variables such as precipitation antgperature. The high correlations of
soil bulk density, % soil C and N, and soil C angtbicks with temperature,
precipitation and elevation confirmed the predietpower of life zones because life
zones are specific combinations of these variakes.0-1 m soil C stocks were
correlated with precipitationr & 0.91), temperature € -0.84), and elevatiom €

0.70) to a greater extent than in other studiesidP®and Veldkamp (2005) found that
0-30 cm soil C stocks in pastures were correlatigl @levation { = 0.64,P < 0.001).

In pastures in northwestern Ecuador, elevationpaadipitation were correlated with
0-25 cm % soil Cr(= 0.52 and = 0.54, p < 0.01, respectively) and 25-50 cm % soil
C (r =0.48 and = 0.43, p <0.01, respectively) (DeKoning et al02D In the
Sarapiqui area of Costa Rica, elevation was cde@haith 0-30 cm soil C stocks €
0.41,P < 0.05) and % soil O (= 0.7,P < 0.01) in forests (Powers and Schlesinger
2002). For mature forest along a similar climatiadient as our pastures, life zone
was a better predictor variable for soil C and dtks than soil particle size
(Kauffman et al. unpublished data).

Life zones may not be the best model to descobleCsand N stocks across
the landscape for smaller spatial scales or clmgtdients (e.g., across a selection of
the life zones sampled in this study). In maturests in the Sarapiqui area in Costa
Rica covering four life zones, soil C stocks (0eB@) were best explained by Al-
humus linkages for low elevation soils, by elevatior high elevation soils, by Al-
linkages for low elevation residual soils, and by##for low elevation alluvial soll

(Powers and Schlesinger 2002). Pastures in Ecunedbstronger correlations between



29

% soil C and most soil minerals than with precipata or elevation (DeKoning et al.
2003). In some volcanic soils, soil C increasedhlie presence of non-crystalline
minerals, which may have caused soil C stabilirafie., protected from
decomposition) (Powers and Schlesinger 2002, Daipeit al. 2003). This
mechanism might explain some of our high soil Clstan volcanic soils as well,
because more stable soil C will mineralize at avslorate and therefore have higher

soil C stocks than non-protected soil C (Six e2@02).

2.4.3 Relationship between pasture age and soil C and N stocks

We found that pasture age was not as importanipoédictor of soil C and N stocks
as life zone. Our 0-1 m soil C and N stocks de@@agth pasture age, but the losses
were small compared to losses or gains due totftwgsasture conversion. Adding
age to the variables life zone and temperatur@irmudels to predict soil C stocks in
pastures improved model fit, but life zone andvidiial climate variables explained
more of the variation in soil C and N stocks thga.&imilarly, Powers and
Veldkamp (2005) reported that pasture age in coatizin with elevation best
predicted 0-30 cm soil C stocks in pastures inSampiqui area in Costa Rica.

Our ability to measure the effect of pasture agsal C and N stocks changes
was influenced by soil compaction effects, the agelsided in our analyses, and soil
depth. Correcting soil C and N stocks for soil cactpn reduced the effect of pasture
age. However, corrected estimates are more appteghan uncorrected estimates for
understanding how land use duration changes safldCN stocks (Veldkamp 1994).

In addition, we would have detected a strongeretation of soil C stocks with
pasture age if our mature forests sites were it age zero in the analysis,
because of the large increase in the soil C stmckeediately following deforestation
in many of the life zones. Our results contrastét findings in the Tropical wet and
Premontane wet forest life zones in Costa Rica &bkeil C stocks in pastures

decreased rapidly after deforestation and stabiléfter about 5 years (Veldkamp



30

1994). The number of very young pastures in ouths{n = 2 for pastures < 8 years)
was limited because deforestation of primary farésts been prohibited in Costa Rica
since 1996. Both young pastures in our study coath®6% and 49% higher soil C
stocks and 52% higher soil N stocks than theiregfee forests. Furthermore, the
effect of age on soil C stocks (for both originatlaadjusted estimates) was not as
strong in the 0-30 cm soils as it was in the 0-&aih a finding that contradicts much
of the literature (e.g., Powers 2004, Veldkamp }9%4ese contrasting results may be
explained by the differences in soil bulk densgtiraates between pastures and
mature forests that we found throughout the saifile; while others reported or
assumed changes in soil bulk density only occumrélde topsoil (section 2.4.4).

We found that the effect of age differed by litene for our original 0-1 m soil
N stocks, but not for 0-1 m soil C stocks or O0-kail N stock adjusted for tool bias.
An interaction between age and life zone coulddatdi that mechanisms of soil C and
N stock changes differ by life zone or that climegkated deforestation patterns in
Costa Rica confounded the relationship betweenlégeone and soil C and N
stocks. Our sampling design (Table 2.1) refleatsdéforestation patterns in Costa
Rica - the oldest pastures were found in the maisitéible driest life zones and the
youngest pastures in wetter life zones. Patterm@stiure age varying by life zone
could be explained by preferential clearing dutators such as climate, soil fertility,
and distance to existing roads, oldest cities antsp

The variation within our chronosequences was teatgo determine the effect
of pasture age on soil C and N stocks with higlelewf certainty. This within-
chronosequence variability of soil C and N stoaksld be a reflection of inherent
spatial soil variability or other factors (suchdiferences in land use management)
that explain differences between pastures withnorbsequences. Long-term studies
that follow individual pastures over time would el@hine the effect of age more
clearly, but these types of studies are virtuatipexistent in the tropics because they

are time consuming and require long-term plannsgell as funding.
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2.4.4 Soil compaction

We found that soil bulk densities in all pasturesavhigher than in their reference
forests at all depths (except for one layer in pagture), while other studies assumed
or found (e.g., in Costa Rica: Powers 2004, Veldkd®94) that soil compaction
occurred only in the top soil layers. The highel Bolk densities in pastures versus
forests could be explained by several factors, wha@uld not be verified in our study.
Soil compaction could have occurred during cleaghfprested lands, by cattle
trampling, changes in local climate, or pasture ag@ment. Sampling errors could
have introduced a bias because we used a diffsodrdouge auger to take soil bulk
density samples in mature forests (volume = 23.% tman in pastures (volume = 13
cm®). Our soil bulk density sample volume was low canapl to other studies (96.1-
656.5 cm3, Constantini 1995; 300 ¥eldkamp 1994; 50-270 cinFolegatti 2001).
Regression equations relating soil bulk densityWit soil C for the different mature
forest data sets sampled with different tools (Aqmjpe 5) indicated that soil bulk
density estimates sampled with tool B were relfyil@v compared to estimates
sampled with tool C. Soil bulk density estimatepiattd for this potential tool bias
indicated that soil compaction only occurred in@edn soil layers, but 30-100 cm soill
layers decreased in soil bulk density. A decreas®il bulk density at depth is not
commonly found and is difficult to explain at a pess level. The adjustment may
have introduced another bias. In addition, the sffactime substitution approach
used in this study could have biased the datdefeace mature forest were not
representative of the forests originally preserhatpasture locations.

The original soil bulk density estimates in the anatforest top soils in the
Tropical Premontane and Lower Montane rain foliéstzones were very low (e.g. 0-
10 cm: 0.16 - 0.29 g/cfhand also had relatively high soil C concentragi¢hb -

28%). The soil bulk density estimates adjusteddot bias were slightly higher than
the original estimates in the first 10 cm soil 0-2.41 g/cm). Alvarado and

Forsythe (2005) reported soil bulk density valueéimdisols can be as low as 0.30
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g/cnt. Our lowest estimates fall within the range of soik density estimates for
Histosols (0.13-0.36 g/cinLal et al. 2001). The sampled mature forests haase
contained relatively low soil bulk densities dudhie presence of organic soils.

Soil compaction increases the soil mass at eatllepih layer and introduces
a bias when comparing soil C and N stocks in métnest with pastures. We
provided estimates corrected for the additiondlrsaiss to determine impacts of land
use change and duration. Comparing sites betweest$oand pastures based on an
equivalent soil depth without correcting the O-kail C stock estimates for
differences in (original) soil bulk density wouleld to 9-35% higherstimates for
pasture soil C stocks (Appendix 19). Comparing stgjth 0-1 m corrected soil C stock
estimates with those not corrected indicated edinesverestimation or
underestimation of soil C stocks depending onifeezbne. Simply replacing soil
bulk density values from pastures with originalues from reference forests would
lead to 7-37% lower estimates of pasture soil Ckst@gAppendix 19). Veldkamp
(1994) and Amézquita et al. (2005) reported anestenation of 3% and 11% for O-
50 cm soil C stocks and 2% and 7% for 0-1 m sa@tdcks using uncorrected
estimates for four pastures in the Tropical (Pretawos) wet forest life zones in Costa
Rica. Overestimates based on our original datairstudy ranged from 12-24% for O-
1 m soil C stock estimates for pastures in sintifarzones. Most other studies of
tropical pastures did not report the soil C stoestgmates using different methods of

calculation; therefore, possible biases are unknown

2.4.5 Effects of forest-to-pasture conversion on soil C and N stocks

The direction and magnitude &f0-1 m soil C and N stock estimates in pastures
differed by life zone with decreases in the Tropdrg forest life zone and Tropical
Lower Montane rain life zones and increases inrdifeezones for our original
estimates. Average adjusted soil C and N stocknastis were also lower than their
reference forest in the Tropical Premontane raiedolife zone. Regardless of

uncertainties inX) 0-1 m soil C and N stock estimates, this indiddt&t life zone is
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a good predictor oh 0-1 m soil C and N stocks in pastures acrossge lelimatic
gradient. In addition, life zone was a better petativariable than temperature and
precipitation. The original 0-1 m soil C and N $#@&stimates increased due to
conversion in all pastures in the Tropical wet &y&ropical Premontane wet forest-
warm, and Tropical Premontane rain forest life zome the Tropical wet forest life
zone both net soil C and N stock gains due to csimwe were relatively high
compared to other life zones. All pastures in thepical dry forest life zone, and all
but one pasture in the Tropical Lower Montane farest life zone, had decreased 0-1
m soil C and N stocks due to conversion. Our resuére similar to Guo and Gifford
(2002) where the majority of the pastures had hi@ht m soil C stocks than their
reference mature forests. Murty et al. (2002) &smd net increases and decreases in
soil C and N stocks due to forest-to-pasture caigarwithA soil C stocks ranging
from -50% to 160% and soil N stocks ranging from -50% to 320% . The éatg
increases were found in Australian fertilized legumus pastures with no overgrazing
and relative low initial soil C and N stocks. Ouigmal and adjusted results in the
Tropical moist forest life zone (precipitation: 232467 mm/year) generally
supported Guo and Gifford’s (2002) finding that @lsoil C stocks increased due to
forest-to-pasture conversion when precipitatiorgeathfrom 2000-3000 mm/year.
However, there was one pasture with lower soil @ ldrstocks than the reference
forest in this life zone.

There are four different patterns we might expegotn observing soil C and N
stocks over time: (1) a sudden increase followed btieady decrease, (2) a sudden
decrease followed by a steady increase, (3) aptettease, or (4) a steady increase.
These patterns are generally created by two diffareechanisms: (1) changes caused
by the disturbance that leads to a large removaddition of C and N, and (2)
changes in the long-term balance between input®atmits that leads to steady
changes over time.

Although we did not measure inputs and outputumpastures, we offer

hypotheses to explain the patterns we observedtsrip soil C and N stocks in our
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pastures were decomposing organic matter fromtfstash and roots, pasture litter,
senesced grassroots, cow dung, and urine. We veaplect that decomposing forest
roots after forest-to-pasture conversion would leachputs of C and N throughout the
soil depth profile. In addition, increased soil tdcks could be explained by increased
N fixation by free living bacteria associated wilanted grasses in some tropical
pastures compared to forests (Reis et al., 20@tphRi et al. 1996). Increased soil N
stocks due to increased N fixation could also keadcreases in soil C stocks. In
contrast, decomposition of surface forest slastid¢a C and N input to top soils,
which can then move down the soil profile over tiBatputs from soil C and N
stocks in our pastures were decomposition of sgieic matter which caused soil C
to be respired to the atmosphere and N to eithésksn up by the vegetation, lost to
the atmosphere through denitrification, or leachetof the ecosystem through
aguatic pathways. N taken up by vegetation maymetuthe soil again when the
vegetation is eaten by cattle and cattle dung ame is deposited on the land.
Generally in our pasture chronosequences, we wédeither a sudden
increase followed by a steady decrease (patteon 4 steady decrease (pattern 3),
which likely resulted from the shifts in balancesveeen the various pathways of
inputs and outputs. In our data set we only hawediwronosequences (Tropical wet
forest life zone and Tropical Premontane rain folieszone) that include
observations within the first two years followingrést-to-pasture conversion. Both of
these observations have highly increased soil O\asbcks (throughout the 0-1 m
depth profile) compared to reference forests, wmild partly be explained by the
high input of C and N from decomposing forest slastl roots created by the
conversion. However, the increase in soil C andddks for these two pastures is
higher than the estimated aboveground C and N stoskes (Chapter 3). Additional
increases in soil C and N stocks could have beesethby either increased soil C and
N inputs from grass roots, decreased decomposui@iconstants, or increased N
inputs (e.g., by N fixation). However, as thesecpsses probably would not explain
increases of up to 51 Mg C/ha and 9.7 Mg N/ha (Appe32), inadequate reference
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mature forests would be a more likely explanat®oth of these chronosequences
show different patterns after this initial suddearease. Soil C and N stocks in
pastures in the Tropical wet forest life zone daseel with pasture age after the initial
increase due to conversion, which may indicatetti@pulse of C and N inputs after
conversion did not continue and soil C and N staeksrned to original levels. After
the initial sudden increase, soil C and N stocksastures in the Tropical Premontane
rain forest life zone decreased with pasture agetlaen increased again. For soil C
stocks the increase occurred 25 to 45 years adferebtation, but soil N stocks
increased after 10 years until 70 years (the agleeobldest pasture). The increase
could have been caused by either increased sailNanputs from grass roots,
decreased decomposition rate-constants, or inaéaseputs (e.g., by N fixation),
which promoted soil C increases.

Soil C and N stocks in the youngest pastures iftbpical moist and wet
forest, and Premontane wet forest-warm forestzlifiees were higher than in their
reference forests, which may indicate an initi@den increase due to conversion. In
addition, soil C and N stocks decreased over timtbeése three chronosequences,
which could indicate that the pulse of C and N ispafter conversion was not
continued. In the Tropical moist forest and Troploawer Montane rain forest life
zones, soil C and N stocks were eventually lowgrastures than forests, indicating
either decreased inputs of C and N, or increasesirite-constants. Soils C and N
stocks in pastures in the Tropical dry forest Zitme were all lower than in reference
forests and decreased over time for our origin@inedes, but our adjusted estimates
indicated an increase in soil C and N stocks 43syatier deforestation. In this life
zone there may have been no initial increase inGsand N stocks due to conversion.
However, we may not have observed an initial ineed@ecause the youngest pasture
was 29 years old in this life zone. We would expewfter inputs from forest slash in
the Tropical dry forest life zone compared to welife zones, due to the lower initial
forest biomass and due to fire being used as aaaxéar forest slash in this dry

ecosystem, thereby reducing the potential inpus®rC and N stocks. Fire was often
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used in other life zones as well, but the amouriti@inass consumed by fire generally
decreases with fuel moisture content (Kauffman.et303), which was likely lowest

in the Tropical dry forest life zone. In additidirg in these pastures could have
caused pyromineralization, which could have promist@l N uptake by vegetation or
losses through gaseous or aquatic pathways. Thikanesm would explain a
decrease in soil N stocks. A steady decrease li€sand N stocks over time could
also be explained by a decreased input of C araltNetsoils from litter and senesced
roots, or increased loss rate-constants, but tlustad estimates indicated that the

opposite may be the case.

2.4.6 Study limitations

Interpretations from the space-for-time substitugian this study depend on the
assumption that the original forests at our padtgations at the time of clearing
were in the same condition as our reference mébuests, and that soil C and N
stocks in those forests were in a “steady statet po deforestation. There is evidence
that initial clearing of forests may have occurpeeferentially on forest soils with

high initial soil C stocks for our agricultural ks in the Tropical wet and Premontane
wet forest-warm life zones (Veldkamp et al. 199@wErs and Veldkamp 2005).
Generally, land use history interviews with landein this study confirmed this
trend. If preferential clearing on more fertilels@pplies to this study, we would
expect an overestimation of positixesoil C and N stocks and an underestimation of
negativeA soil C and N stocks.

Our results could also be confounded by the effectdimate change if soil C
and N stocks in forest and pastures have respaitfecently to climate changes that
occurred since deforestation of our pastures. @station in Costa Rican lowlands
have already caused regional climate changes rehiglevation areas such as the
Monteverde cloud forests (Lawton et al. 2001), Wwhiould have changed soil C and

N storage in these high elevation regions. The ntadg and direction of future
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changes in C and N stocks and fluxes related toggsin global temperatures are a
matter of debate (Davidson and Janssens 2006).€ldtenship between climate
variables and soil C and N stocks in forests (Kmaafi et al. unpublished) and our
pastures were similar. Therefore, we expect stefeged to climate change in pastures
and forest soil C and N stocks to have been similar

The use of different soil sampling tools in matimests and pastures could
have introduced a bias in our soil bulk densitynestes. This may have affected the
soil C and N stock estimates. We did not find &tare on the use of gouge augers for
soil bulk density measurements, but the effecanfiger size of commonly used
small-diameter core samplers was tested in SE @lazah) Australia (Constantini et
al.1995). Constantini et al. (1995) found that boilk density measurements did not
improve with an internal diameter beyond 5.98 crniclv was a smaller diameter than
others had reported earlier (Lal et al. 2001). Pased diameter sizes of augers have
been reported to cause both increased and decrsaisbdlk density estimates
(Constantini et al. 1995). Lower soil bulk densstimates could be attributed to the
incomplete filling of the cylinder and/or shattegiduring penetration (Constantini et
al. 1995). Higher soil bulk density estimates cdutdcaused by the increased
compaction due to the high area ratio (the amotisbibwhich is displaced when the
sampler is forced into the ground) (Constantiralei995).

We found increased soil bulk densities at depthsreZicommonly no
compaction is encountered, and therefore, a sagplas is a plausible explanation
for part of our differences between forest andyrassoil bulk densities. Our
estimated differences in soil bulk densities betwaature forests and pastures may
include a potential sampling bias due to the ugevofdifferent tools to estimate soil
bulk density in forests and pastures, and/or inadey of our mature reference forests.
Ideally, field tests should be conducted to testdtiferences in soil bulk density
estimates using the two different tools. In mosCoftta Rica the availability of mature
forests is limited, and therefore, it may not begible to find better matching mature

reference forests for current pastures.
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Soil C and N stocks in pastures could be calculasag mature forest soil
bulk density instead of pasture soil bulk dendidgKoning et al. 2003), if we assume
that there was no compaction effect due to foregtatsture conversion. This would
result in lower soil C and N stock estimates intypgs compared to the estimates
using pasture soil bulk densities (Appendix 19)kitAee A 0-1 m soil C and N stock
estimates would decrease and negativ¥e1l m soil C and N stocks would increase
compared to our original estimates (Appendix 1®)dmparison to our original
estimates, soil N stocks in all pastur@syears in the Tropical moist and the
Premontane and Lower Montane rain forest life zomasld have decreased instead
of increased soil C and N stocks compared to fer@ghpendix 19). Although not as
pronounced, soil C and N stocks increases wouldstur in the Tropical wet and
Premontane wet-warm life zones (Appendix 19).

Adjusted soil bulk density estimates of mature $tsanay be an improvement
of our original estimates of\} soil C and N stocks, if we assume that the use/of
different sampling tools introduced a sampling bidss would result in higher soil C
and N stock estimates in mature forests and pastampared to our original
estimates (Appendix 19). On average, adjust®dl m soil C and N stock were lower
compared to our original estimates. The methodljosafor potential tool bias for
forest soil bulk density measurements (sectiorb2 @ssumed that the regression
equation based on mature forest data sampled @otiCt (n = 4) was representative
for mature forests sampled with tool B. This asstiompmay have introduced an
uncertainty into the adjusted estimates.

In our calculations oA soil C and N stocks we assumed that soil erosion
and/or deposition did not occur in our pasturesesiteforestation. Erosion and
deposition could have offset the pasture soil pFsfirom the mature forest soil
profiles. We expect erosional processes to bedunitue to the constant groundcover
with pasture grasses. Deposition could have ocduegpecially, in some of the
pastures in the Tropical wet and Premontane wetrwiée zones during flood events.
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This indicates that processes of erosion and dieposire another potential source of
uncertainty.

The use of non-replicated chronosequences limggtent to which our
findings can be generalized to other pastures witiese life zones. Within life zones,
edaphic, hydric, and atmospheric conditions canliside life zones into different
“plant associations” (Holdridge 1967). We carefelested sites that represented
“typical” edaphic, hydric and atmospheric condigpand therefore, this study is
limited to what Holdridge (1967) called “the oné@htic association”. Rocky
outcrops, swamps, and monsoonal areas are exaaf@igss that should not be
classified as the “one climatic association” aneréfiore our data should not be
extrapolated to these other associations.

Despite these limitations, life zone appears ta geod predictor variable and
mapping tool for describing soil C and N stocks #rair changes due to forest-to-
pasture conversion at the regional scale for Cegta. In addition, life zone was a
good predictor for soil C and N stocks in maturaykman et al., unpublished data),
and secondary forests (Cifuentes-Jara 2008), aypdazrds (Chapter 4) in Costa Rica.
Whether life zone would be a good predictor actbegNeo)tropics cannot be
evaluated with the data collected in this study,dwidence from other studies on soll
C and N stocks (Post et al. 1982 and 1985, Alvalifi6) suggests this may be the

case.

2.4.7 Implications

In contrast to common assumptions, all pastureshigiter soil bulk densities than
mature forests at all studied depths (down to limaddition, soil bulk density
estimates adjusted for potential tool bias indidate@ecrease in soil bulk density at the
deepest depths. This indicated that the soil batisdy estimates were an important
source of uncertainty of soil C and N stocks duediaversion. The potential tool bias

may have changed the inference regarding forepasbdre conversions in either soil
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C or N sink or sources for the Tropical Premontaame forest life zone. Therefore,
accurate soil bulk density measurements are ea®riten estimating soil C and N
stocks and their changes. To decrease uncertainttes soil bulk density estimates,
field measurements of our soil bulk density shdaddmproved. Efforts to model C
and N stock fluxes due to land conversion shoutsbact for changes in soil bulk
density and should be based on accurate soil lrikity measurements. Using results
from studies that did not correct for soil bulk diéy changes or does not include
accurate soil bulk density measurements to modeeCsand N stocks and fluxes

could introduce substantial biases.

Our study showed that in many pastures soil C astbbks changed
throughout the 0-1 m depth profile, but the effeftsonversion differed between the
0-30 cm and 0-1 m soil profiles. This suggests th@tcommon practice of only
measuring soil bulk density and/or % soil C to ptieof 30 cm may introduce large
errors in C stock flux estimates. Based on theimaigdata in this study between 44
Mg C/ha was lost and 78 Mg C/ha was gained in th&¢@ cm soil layer,
representing a -46% to 123% change from the oridgamnast soil C stocks. The
potential tool bias may have introduced an uncetyas these estimates. Regardless
of uncertainties in our data, we concur with theoremendations from Nepstad et al.
(1994) and Veldkamp et al. (2003) that soil C ssoshkould be measured to a depth of
at least 1 m.

In Chapter 4 we show that current global C stocksfaux estimates (DeFries
et al. 2002, Houghton 2003) endorsed by the IPC&h(Ran et al. 2007) likely
overestimated global C emissions due to forestaiitpe conversions. They assumed
that soil C stocks always decreased after forepagture conversions and that C
stocks and fluxes were similar for all pasture®ssiclimatically diverse areas such as
Costa Rica (Houghton and Hackler 2001, DeFries$. @082, Houghton 2003,

Denman et al. 2007). We found that ecosystem kstimcCosta Rican pastures and
croplands were 2-fold larger using our data congb&eHoughton and Hackler (2001)

based estimates, which may have lead to a 8-19%estumate of global C fluxes
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(Chapter 4). We estimated that 0-1 m soils inié&dones in Costa Rica sequestered
9-34 Tg C due to forest-to-pasture conversion fi@50-1990, while Houghton and
Hackler (2001) estimated a loss of 24 Tg soil Cgjabr 4). Therefore, we suggest
that including life zone-specific estimates intdioaal- or global-scale C estimates is
of global relevance.

Soil C stocks in the pastures in the Tropical Pratawae and Lower Montane
rain forest life zones in Costa Rica were amondgiifbest of the world; comparable
to soil C stocks in the boreal forests (Batjes &nthbroek 1997). The protection of
these soils is therefore of high importance becéhsg could potentially serve as a
large C source to the atmosphere.

Increased soil N stocks could have led or canlealll to increased C storage if
N is a limiting nutrient in the ecosystem (Abelht1998). Increased soil N stocks can
also lead to long-term increases in N fluxes ifébesystem becomes N-saturated
(Aber at al. 1998). In addition, N saturation magcbme more prevalent under the
expected increased N deposition rates (Matson &08DB). Tropical lowland forests
are generally not N-limited, whereas higher el@ratorest can be N-limited (Tanner
et al. 1998). This probably plays some role inrttechanisms behind the differences
in A 0-1 m soil C and N stocks among life zones, ama&y play a role in future
changes in soil C and N stocks in our pasturestefbie, predictions of how tropical
ecosystems might respond to land use conversiomaid change, C{fertilization, or

N deposition should incorporate different scenadegending on the life zone.

2.4.8 Futureresearch

Although changes in soil C and N stocks due todibte-pasture conversion provide
valuable information for determining if soils beleaas net C and N sources or sinks,
additional measurements could provide insight thteomechanisms responsible for
these changes. Stable C isotopes could be useddordne how forest- and pasture-

derived-soil C changes with pasture age (Veldka®ftl This would provide
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essential information to improve our understandihg/hy the impact of land use
change differed by life zone in our study. Datasoit N cycling and its response to
land use change and duration in different tropitiahatic conditions are needed to
guantify the aquatic and gaseous N losses frondifferent ecosystems. Moreover, it
could improve our understanding of how N limitat&tatus and its changes influence
C storage and fluxes. The role of N fixation inpical land uses is poorly understood
(Piccolo et al. 1996), although N fixation may pkyimportant role to combat
tropical pasture degradation (Cadisch et al. 198dmas 1995). Understanding the
role of N in tropical ecosystems has become urgecause N deposition is predicted
to increase another two- or threefold especiallfhentropics (Matson et al. 1999) and
N limitation is more widespread in the tropics thaviously assumed (LeBauer and
Treseder, 2008). In addition, understanding the oblphosphorous (P) in these
systems will help to understand the mechanismiféerdnces in C and N stocks and
fluxes across tropical landscapes, because Priswvark(co)-limiting factor in some

tropical forests (Townsend et al. 2002).
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Table 2.1. Life zone, pasture age, location, elematind climate data of 31 sampled

pastures arranged in six pasture chronosequen€assia Rica.

Age Elevation Temp.** Precip.**

Life zone (yrs) Latitude Longitude (m) (°C) (mml/year)
Tropical dry fores 29 10°51.44 85°34.44'V 197 26.t 158¢
43 10°50.35 85°33.73'V 12z 26.¢ 158¢
62 10°51.41 85°33.97'V 154 26.7 158¢
>75 (a)’ 10°50.72 85°34.02'V 144 26.¢ 151z
>75 (b)* 10°49.44 85°37.25'V 304 25.¢ 153:
Tropical moist fore: 28 (a)’ 9°46.48'1M 84°57.77'V a0 27.4 245(
28 (b)* 9°46.59'M 84°56.32'V 80 27.¢ 2467
42  9°46.60'M 84°56.33'V 69 27.t 239z
>47 9°46.97' M 84°56.22'V 27 27.¢ 2317
>68 9°46.90'M 84°56.50'V 32 27.7 232t
Tropical wet fores 2 10°25.60 84°05.29'V 13¢ 24.¢ 408:
8 10°23.50 84°06.86'V 23¢ 24.¢ 427¢
16 10°23.76 84°07.40'V 237 24.2 415:
18 10°25.53 84°05.71'V 17¢ 24.7 407(
35 10°23.54 84°06.90'V 23¢ 24.2 408z
>3E 10°23.96 84°07.68'V 217 24.t 408:
Tropical Premontar 15 10°27.24 84°10.56'V 184 247 3617
wet forest-warr 20 10°27.13 84°10.57'V 191 24.¢ 3617
26 10°23.84 83°59.18'V 10¢ 25.1 388:
40 10°26.74 84°00.42'V 72 25.2 379:
50 10°27.16 84°01.02'V 82 25.2 380(
Tropical Premontan 1 10°15.47 84°09.72'VV  103¢ 19.¢ 488:
rain fores 10 10°16.56 84°10.52'V 85¢ 20.¢ 495(
25 10°16.02 84°09.76'V 954 20.2 493:
45 10°16.22 84°09.59'V 99¢ 20.1 493:
70 10°16.34 84°10.88'V 86€ 20.¢ 512¢
Tropical Lower Montant 16 10°22.09 84°48.59'\V  141¢ 17.¢ 4517
rain fores 28 10°20.92 84°48.20'V" 1547 17.1 4267
32 10°21.75 84°49.08'\V"  146¢ 17.t 4367
48 10°21.83 84°49.16'V" 145z 17.t 4317
54 10°20.63 84°48.26'\" 159t 16.¢ 408z

*Labels (a) and (b) were used to distinguish betw®e pastures with the same age
within one life zone.

** Temperature (Castro 1992) and precipitation détatituto Meteorologico
Nacional 1988) are mean annual averages.



48

Table 2.2. Results for comparisons of regressimgslwhen testing for: (1)
interactions between life zones and age, (2) agetefand (3) life zone effect for
various soil response variables per soil layer (enpasture$8 years in Costa Rica.

Soil Laye Response variable

(1) Age x Life zone

(2) Age

(3) déme

0-10 Bulkdensity Fs,,=0.86,P =0.5289 F,,=2.49,P =0.1291 E.3=90.56,P <0.0001
10-20 Bulkdensity Fs,,=0.85P =0.5311 Fk,,=0.14,P =0.7134 3= 34.85P <0.0001
20-30 Bulkdensity Fs,7~0.39,P =0.8493 F,,=0.01,P =0.9442 F,3=33.03P <0.0001
30-50 Bulkdensity Fs16 0.72,P =0.6211 Fk,,=0.37,P =0.5489 E.,=41.98P <0.0001
50-100  Bulkdensity Fs1+~0.15,P =0.9612 F,3=0.53,P =0.4773 F19=22.77P <0.0001
0-10 Ln(%soil C) Fs,7~0.74,P =0.6047 F,,=0.89,P =0.3566 3= 170.69P < 0.0001
10-20 Ln(%soil C) Fs,,=0.44,P =0.8118 F,,=0.86,P =0.3632 3= 98.65P <0.0001
20-30 Ln(%soil C) Fs,,=0.29,P =0.9129 F,,=0.06,P =0.8141 F.3=31.68P <0.0001
30-50 Ln(%soil C) Fs16=4.08,P = 0.0140 inappropriate test inappropriate test
50-100 Ln(%soil C) Fs14=0.38,P =0.8216 F,3=0.98,P =0.3363 E19=57.36,P <0.0001
0-10 Ln(Soil C stock)* Fs17=2.24,P =0.0977 [ ,,=0.04,P =0.8461 3= 69.67P <0.0001
0-30 Ln(Soil C stock)* Fs,,=0.69,P =0.6359 F,,=0.06,P =0.8049 3= 69.49P <0.0001
0-100 Ln(Soil C stock)* Fs17=2.27,P =0.0941 F,,=5.70,P =0.0260 * F,,=280.10P <0.0001
0-10 Ln(Adj soil C stock)***F; ;;= 0.74,P = 0.6047 F,,=0.89,P =0.3566 3= 53.05P <0.0001
0-30 Ln(Adj soil C stock)***F; ;;= 2.04,P =0.1246  Fk,,=0.43,P =0.5193 3= 90.00,P <0.0001
0-100 Ln(Adj soil C stock)***Fs ;,= 0.94,P = 0.4823 Fk,,=5.18,P =0.0330 * F;,,=266.49P < 0.0001
0-10 Ln(Soil N stock)* Fs,,=0.77,P =0.5870 F,,=3.18,P =0.0881 5.3=17.30,P <0.0001
0-30 Ln(Soil N stock)* Fs,,=0.62,P =0.6871 F,,=0.98,P =0.3332 3= 42.90P <0.0001
0-100 Ln(Soil N stock)* Fs17=2.95,P = 0.0427 inappropriate test inappropriate test

0-10 Ln(Adj soil N stock)***F; ;,= 0.77,P =0.5870 F,,=3.18,P =0.0881 3= 30.57P <0.0001
0-30 Ln(Adj soil N stock)***F; ;;= 1.11,P =0.3920 Fk,,=0.76,P =0.3922 3= 78.39P <0.0001
0-100 Ln(Adj soil N stock)***Fs ;,= 1.09,P = 0.4016 Fk,,=0.47,P =0.5024 E.3=166.57P < 0.0001
0-10 A soil C stock * Fs,,=0.54,P =0.7442 Fk,,=0.51,P =0.4833 523=19.71P <0.0001
0-30 A soil C stock * Fs,,=1.70,P =0.1892 F,,=0.53,P =0.4725 5.3=15.03P <0.0001
0-100 A soil C stock * Fs,,=1.33,P =0.2990 F,,=1.81P =0.1927 E,3=33.6,P <0.0001
0-100 A Adj soil C stock*** F5,,=0.28,P =0.9157 Fk,,=1.42,P =0.2461 3= 33.85P <0.0001
0-10 A soil N stock * Fs,,=0.67,P =0.6485 F,,=2.38,P =0.1368 523=10.94P <0.0001
0-30 A soil N stock * Fs,,=0.58,P =0.7176  k,,=0.55,P =0.4676 E,3=7.87,P =0.0002
0-100 A soil N stock * Fs17=3.48,P = 0.0240 inappropriate test inappropriate test
0-100 A Adj soil N stock***  F5,,=0.82,P =0.5528 F,,=0.02,P =0.8895 F.3=18.70P <0.0001

* Soil C and N stocks corrected for compaction &ffdollowingVeldkamp (1994) and

Ellert & Bettany (1995)** We detected an age effect usiRg.. <0.05, and therefore,
we accounted for the age effect in test*3.Soil C and N stock estimates were adjusted
for potential tool bias (section 2.2.5).
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Table 2.3. Mean soil C and N stocks (Mg/ha) for fwofile depths corrected for soil
compaction effects in pastures in six chronosegeeircCosta Rican and mean, SE

andcoefficient of variation (CVpoil C and N stocks by life zone.
Pasture Corrected soil C stock (Mg C/ha) Corrected soil dckt(Mg N/ha)

Life zone age (yrs) 0-100 cm 0-30 cm 0-100 cm 0-30 cm
Tropical 29 81.8 66.1 6.71 5.29
dry forest 43 75.9 52.2 7.09 4.36
62 74.3 53.9 6.52 4.66
>75 (a) 75.8 594 6.71 5.13
>75 (b) 70.8 70.8 5.36 5.36
average pasture + ! 757% 18 a 60.£ 35 a 6.4 £ 0.2¢ 49¢* 0.1¢ a
CV (%) 5 13 10 9
Tropica 28 (a 86.5 41.C 9.3€ 4.1¢
moist fores 28 (b 90.1 41.F 9.4€ 3.97
42 87.2 49.¢€ 9.3t 4.8¢
>47 85.C 47.¢ 8.71 4.4¢€
>69 73.1 41.5 8.34 4.3€
average pasture + ! 844+ 29 a 44:%* 18 a 9.04 £ 0.22 437 0.1 a
CV (%) 8 9 5 8
Tropica 2 247.% 120.¢ 16.72 8.1C
wet fores 8 204.5 90.¢ 15.82 6.77
16 191.C 89.¢ 15.8¢ 7.3C
18 191.¢ 94.2 14.6¢ 7.0C
35 170.< 79.¢ 14.6¢€ 6.7%
>35 181.¢ 80.C 14.57 6.2¢
average pasture*+¢  187.6* 57 b 87.Ct2¢ b 15.12% 0.3C 6.8t 0.17 b
CV (%) 7 8 4 6
Tropica 15 214.2 117.¢ 18.8: 9.8¢
Premontan: 20 197.7 98.2 16.71 8.0t
wet forest 26 216.5 100.¢ 16.5¢ 8.17
warm 40 198.2 106.( 18.51 9.47
50 194.¢ 96.2 16.7¢ 8.3¢
average pasture +! 204.2* 46 b 103.6*x 3.9 cd 17.47 % 0.4¢ 8.7¢* 0.37 cd
CV (%) 5 8 6 10
Tropica 1 302.¢ 127.¢ 24.2¢ 9.9¢€
Premontan 10 224.% 91.: 17.4¢ 6.91
rain fores 25 214.1 99.: 17.72 7.92
45 240.¢ 86.: 19.2¢ 6.7¢€
70 237.¢ 108.2 21.8¢ 9.81
average pasture*+¢  229.2%* 6.1 ¢ 96.c+ 48 bc 19.0¢* 1.0z 7.88+ 0.7C bc
CV (%) 5 10 11 18
Tropical 16 261.¢ 115.¢ 23.82 8.62
lower montan 28 301.1 145.¢ 25.11 12.3¢
rain fores 32 2475 151.( 20.1(C 12.3¢
48 236.5 117.: 19.3¢ 9.4t
54 263.% 116.2 21.7: 9.717
average pasture +!  262.1* 10€c 129..*x 79 d 22.0z% 1.0¢ 1052+ 0.7¢ d
CV (%) 9 14 11 17

* Young pastures (1 and 2 years old) were not ohetlin calculations of mean, SE, and CV.
n.s. means no samples collected due to hard soils.

Means for each life zone followed by the same llette similar to one another, means for
each life zone not followed by a letter indicatesam for this life zone is different from all
other life zones (Qjusa<0.1). It was inappropriate to conduct this testd.1m soil N stocks.
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Table 2.4. A-priori set of linear models predictidxd m soil C stocks (natural log
transformed) in pasture chronosequences acro$ifespones in Costa Rica ranked by
Bayesian Information Criterion (BIC) for (a) allgtares, and (b) pasture8 years.
Delta BIC is the difference between the BIC scarfethe model in question and the
“best” (lowest BIC score) model.

a) all 31 pastures included

Model terms k (# of parameters) delta BIC
age, life zone 8 0
life zone 7 8.7
age, life zone, age* life zone 13 10.5
precipitation 3 36.2
age, precipitation 4 37.6
age, precipitation, age* precipitation 5 41.1
age, temperature, age* temperature 5 61.4
age, temperature 4 61.7
temperature 3 73.3
age 3 93.2
(null model, intercept only) 2 99.9
b) pastures8 years (two youngest pastures excluded)

Model terms k (# of parameters) delta BIC
age, life zone 8 0
age, life zone, age* life zone 13 2
life zone 7 3.3
precipitation 3 49
age, precipitation 4 51.4
age, precipitation, age* precipitation 5 54.7
age, temperature, age* temperature 5 73.7
age, temperature 4 73.8
temperature 3 81.2
age 3 104.1

(null model, intercept only) 2 107.9
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Table 2.5. Original mean absolute and relativ@il C and N stock estimates by

pasture (and two profile depths for C) in six clusequences in Costa Rica, and mean

(x SE)A soil C and N stocks by life zone.

A Soil C stocks

A Soil N stocks 0-1 m

Pasture 0-1nm 0-30 cn
Life zone age (yrs) total (Mg C/ha) relative (%)  total (Mg C/ha) relative (%) total (Mg N/ha) relative (%)
Tropical 29 -28.1 -26 -6.4 -8.9 -2.34 -26
dry forest 43 -34.1 -31 -20.4 -28 -1.96 -22
62 -35.7 -32 -18.6 -26 -2.54 -28
>75 (a) -34.1 -31 -13.2 -18 -2.34 -26
>75 (b) -39.2 -36 -1.1 -15 -3.70 -41
average difference =+ ¢ -34.2% 1.8 -31* 16 120+ 3€b -16x5C b -2.5¢ £ 0.3 28+ 3.3
Tropical 28 (a) 8.3 11 -12.8 -24 1.34 17
moist forest 28 (b) 11.9 15 -11.5 -21 1.44 18
42 9.0 11 -2.6 -4.9 1.33 17
>47 6.8 9 -6.1 -11 0.69 9
>69 -5.1 -6 -12.4 -23 0.32 4
average difference =+ ¢ 6.2% 2.¢ bhd gtx38a -91*x2Cb -17%x37 b 1.0z £ 0.2 13+ 2.8
Tropical 2 121.0 96 53.2 79 5.72 52
wet forest 8 78.2 62 23.6 35 4.83 44
16 64.7 51 24.3 36 4.87 44
18 65.3 52 26.6 39.4 3.70 34
35 441 35 12.3 18 3.67 33
>35 55.6 44 13.2 20 3.57 33
average difference *+ < 616+ 57 a 49+ 45 20*3Cac 3044 a 41: 0.3 38+ 2.7
Tropical 15 51.5 32 41.6 55 5.10 37
Premontane 20 34.9 21 22.1 29 2.98 22
wet forest- 26 53.8 33 24.8 32 2.82 21
warm 40 35.4 22 29.8 39 4.78 35
50 32.1 20 20.0 26 3.05 22
average difference + ¢ 415+ 4€ ac 26 28b 27€¢x3¢a 3651 a 3.7t £ 0. 27+ 36
Tropical 1 99.0 49 20.5 19.1 8.35 52
Premontane 10 20.7 10 -12.5 -12 1.57 10
rain forest 25 10.3 5 -5.8 -54 1.81 11
45 36.7 18 -8.7 -8.1 3.35 21
70 34.0 17 35 3.3 5.99 38
average difference *+ ¢ 25.4* 6.1 bc 12+t 3Cak -5¢%*34bd -5%32 he 318+ 1.C 20+ 64
Tropical 16 -9.2 -3 8.1 6.2 2.99 14
lower montane 28 30.0 11 20.5 16 4.29 21
rain forest 32 -23.6 -9 33.2 254 -0.72 -3
48 -34.6 -13 -1.0 -0.8 -1.48 -7
54 -7.7 -3 -8.0 -6.2 0.90 4
average difference =+ ¢ -9.0% 10¢d 3*x4Cc 10fE*x74cd 8%x57 c 12x 1.1 6+ 52

* Young pastures (1 and 2 years old) were not ohetlin calculations of mean and SE.
Means for each life zone followed by the same tiette similar to one another, means for
each life zone not followed by a letter indicatesam for this life zone is different from all
other life zones (Rjusiea<0.1).
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Table 2.6. Mean absolute and relativeoil C and N stock estimates adjusted for tool
bias by pasture in six chronosequences in Costa Bicd mean (+ SE) soil C and N

stocks by life zone.

Pasture A Soll C stocks 0-1 A Soll N stocks 0-1 |
Life zone age (yrs) total (Mg C/ha) relative (%)  total (Mg N/ha) relative (%)
Tropical 29 -47.7 -36 -3.99 -36
dry forest 43 -47.5 -36 -2.72 -25
62 -53.8 -40 -4.01 -36
>75 (a) 515 -39 -3.72 -34
>75 (b) -57.9 -43 -5.33 -48
average difference + ¢ -51ex 2.C 30 % 15 3.9t 04 -36 £ 3.8
Tropical 28 (a) 1.7 2 0.58 5
moist forest 28 (b) 13.9 14 1.42 13
42 -0.1 0 0.26 2
>47 0.8 1 0.14 1
>69 -13.7 -14 -0.41 -4
average difference = ¢ 0E% 44 1% 43 0.4C £ 0.2 4=+ 2¢
Tropical 2 144.5 72 4.58 26
wet forest 8 62.9 31 2.53 14
16 44.0 22 2.86 16
18 48.5 24 1.53 9
35 35.6 18 2.96 17
>35 46.4 23 2.17 12
average difference *+ £ 475 % 44 24+ 2.2 2.41% 0.3 14+ 1k
Tropical 15 454 23 5.22 32
Premontane 20 35.9 18 3.22 19
wet forest- 26 56.5 28 2.78 17
warm 40 24.6 12 4.68 28
50 30.0 15 3.03 18
average difference + ¢ 38tk 57 19+ 28 3.7¢ £ 0. 23+ 3.C
Tropical 1 126.3 35 10.53 38
Premontane 10 -58.6 -16 -4.74 -17
rain forest 25 -65.4 -18 -3.59 -13
45 -27.3 -8 -1.99 -7
70 -59.3 -17 -0.56 -2
average difference *+ ¢ -52.¢t 8.€ 15+ 24 272 0.¢ -10 + 3.3
Tropical 16 -70.4 -18 -4.86 -16
lower montane 28 -10.2 -3 1.37 5
rain forest 32 -104.3 -27 -6.87 -23
48 -104.2 -27 -6.78 -22
54 -58.0 -15 -2.79 -9
average difference + ¢ -69.4+ 17.¢ -18 £ 4.4 -3.9¢+ 1. -13 % 5.1

* Young pastures (1 and 2 years old) were not metlin calculations of mean and SE.
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Table 2.7. A-priori set of linear models predictin@-1 m soil C stock&én pasture
chronosequences across six life zones in CostarRint@d by Bayesian Information
Criterion (BIC) for (a) all pastures, and (b) pasg®8 years. Delta BIC is the
difference between the BIC scores of the modeliestjon and the “best” (lowest BIC

score) model.

a) all 31 pastures included

Model terms k (# of parameters) delta BIC
age, life zone 8 0
life zone 7 4.3
age, life zone, age* life zone 13 12.2
age, precipitation 4 18.2
age 3 20.1
age, precipitation, age* precipitation 5 21.6
age, temperature 4 22.9
precipitation 3 24.7
age, temperature, age* temperature 5 24.8
(null model, intercept only) 2 33.9
temperature 3 37.3
b) pastures 8 years (two youngest pastures excluded)

Model terms k (# of parameters) delta BIC
life zone 7 0
age, life zone 8 11
age, life zone, age* life zone 13 8.3
age, precipitation 4 34.2
precipitation 3 35.6
age, precipitation, age* precipitation 5 37.1
age 3 37.5
age, temperature, age* temperature 5 40
age, temperature 4 40.2
(null model, intercept only) 2 445
temperature 3 47.9
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Figure 2.1. Correlations between (a) 0-10 cm %Gahd N, (b) 0-1 m corrected soill
C and N stocks, and (c) relatiseD-1 m corrected soil C and N stocks in 31 pastures
labeled by life zones in Costa Rica. Life zonesir§y= Tropical dry forest; T-moist =

Tropical moist forest; T- wet = Tropical wet foreBtwet-warm = Tropical
Premontane wet forest-warm; P-rain = Tropical Pratauoe rain forest; LM-rain =

Tropical Lower Montane rain forest.
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Figure 2.2. (a) Corrected soil C and (b) N stodinestes, (c) adjusted soil C and (d)
N stock estimates in pastures by pasture age ilifsizones in Costa Rica. Life zones:
T-dry = Tropical dry forest; T-moist = Tropical nsbiforest; T- wet = Tropical wet
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Premontane rain forest; LM-rain = Tropical Lower iMane rain forest.
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Figure 2.4. Absolute (a and c) and relative (b @w 0-1 m soil C and N stocks by
pasture age in six life zones in Costa Rica. Ldees: T-dry = Tropical dry forest; T-
moist = Tropical moist forest; T- wet = Tropical terest; P-wet-warm = Tropical
Premontane wet forest-warm; P-rain = Tropical Pnetawoe rain forest; T-Im-rain =
Tropical Lower Montane rain forest.
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CHAPTER 3

ABOVEGROUND AND ECOSYSTEM CARBON AND NITROGEN STOCK
AFTER FOREST-TO-PASTURE CONVERSION IN SIX PASTURE
CHRONOSEQUENCES ALONG A BIOCLIMATIC GRADIENT IN CORA RICA
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Chapter 3 Aboveground and ecosystem carbon and nitrogen stocks after forest-
to-pasture conversion in six pastur e chronosequences along a bioclimatic
gradient in Costa Rica

Abstract

In the 1980s and 1990s, forest-to-pasture convessiothe tropics contributed to
~20% of global atmospheric carbon (C) emissionsuaa@rtainties of these estimates
were highest of all fluxes in the global carbonu@iget. In addition, land conversion
may affect C storage indirectly due to change®ihrnstrogen (N). C and N in forest
vegetation are lost from the ecosystem when fostsgonverted to pasture, but the
extent of aboveground C and N loss and the fat@ afid N stocks in soils are
uncertain. Life zone and pasture age may influ¢heevariability in C and N stocks.
Our objectives were to: (1) quantify aboveground acosystem C and N stocks in
pastures of a wide age range across a broad datignadient, (2) quantify net changes
in aboveground and ecosystem C and N stocks dioedst-to-pasture conversion,
and (3) determine how aboveground and ecosystenmd@atocks and associated net
changes varied with pasture age and life zone. \Wasored ecosystem C and N
stocks in 31 Costa Rican pastures representingiobeguences within six different
life zones from the Tropical dry forest to Tropitawer Montane rain forest life
zones. Ecosystem C and N stocks were on averagel®8(-119 + 13 Mg C/ha)

lower and 6 £ 4% (1.03 + 0.53 Mg N/ha) higher, exgjvely, in pastures compared to
their reference mature forests. However, changesasystem C and N stocks due to
forest-to-pasture conversion varied by life zonegrag from -66% to 8% (-259 to 26
Mg C/ha) and -53% to 43% (-6.12 to 7.48 Mg N/ha}pectively. High spatial soil
variability, potential inadequate reference maforests, and the use of different
sampling tools to estimate soil bulk density in unatforests and pastures contributed
to uncertainties in ecosystem C and N stock chadgesgo forest-to-pasture

conversion. Variability in ecosystem C and N stoakd the changes due to forest-to-
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pasture conversion were related to life zone astupa age; generally life zone
explained more variation than pasture age. Generdbsystem C and N stocks
increased with precipitation and decreased witlptrature and pasture age, although,
ecosystem C and N stocks increased with pasturendge Tropical Premontane rain
forest life zone. Ecosystem C stocks changes iserkwith initial forest C stocks and
precipitation and decreased with age, while ecesydtl stock changes increased with
temperature and decreased with age. In 20% ofdbeifes, large remnant trees were
responsible for exceptional high aboveground Chmstiocks, which caused high
variability within life zones. We suggest that paiel biases and uncertainties of
global C stocks and flux estimates could be rediici variability in ecosystem C
stocks and changes related to life zone and l&m@ant trees are incorporated when
making these estimates.
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3.1 Introduction

Knowledge about carbon (C) and nitrogen (N) cyclng related uncertainties is
essential to our understanding of ecosystems anditisphere. Human activities, such
as fossil fuel burning, mining, land use change agritulture, have altered C and N
cycles since the beginning of the Industrial Retiolu(Solomon et al. 2007). In the
1980s and 1990s land use change, primarily tropacabkt-to-pasture conversion,
contributed to ~20% of the global atmospheric C smis (Denman et al. 2007).
Moreover, these tropical C flux estimates had tigbdst uncertainty of all the fluxes
in the global C budget (Denman et al. 2007). Trald@nd use change is also a large
source of another important greenhouse gas, niogae (NO), which is released
during forest biomass burning, cattle raising, ase of N fertilizers (Denman et al.
2007). The impacts of forest-to-pasture conversiothe N cycle are also highly
uncertain (Neill et al. 2005).

An improved understanding of global C and N cyclamgl its response to land
use change is needed to include N feedbacks imaid-C cycle models (Thornton et
al. 2007). The coupled climate-C cycle models usdtle Intergovernmental Panel on
Climate Change’s (IPCC) most recent assessmentidociude N feedbacks
(Denman et al. 2007). Nevertheless, N is the prrharting nutrient in terrestrial
ecosystems at mid and high latitudes, as well ampartant co-limiting nutrient for
tropical plant growth, and hence, for terrestri@,Qiptake (Reich et al. 2006,
Thornton et al. 2007).

Forest ecosystems contain the majority of the sénieg¢ C stocks but 40-50%
of the world’s terrestrial lands are used for agtioral purposes, 70% of which is
permanently used as pasture (Smith et al. 200 8refbre, ecosystem C and N stocks
in pastures and their changes due to forest-tatpasbnversion are a significant part
of the global C and N stock and flux estimates. éttheless, aboveground and
ecosystem C and N stocks in tropical agricultuaabls have rarely been measured
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(Guild et al 1998, Kauffman et al. 1998, Hugheale2000 and 2002, Jaramillo et al.
2003).

Although, forest C is lost when clearing treesgasture, the extent and rate of
C lost with vegetation change are highly variableghton 2007). Climate and time
since deforestation (pasture age) may play importdes in controlling the variability
in aboveground C and N stocks among pastures. Ajpouad C stocks in mature
(Brown and Lugo 1982, Kauffman et al. unpublishathyland secondary forests
(Cifuentes Jara 2008) differ by life zone and ottlenate variables. Especially when
all forest trees are not cleared during pasture@emion, aboveground C and N stocks
in pastures may depend on the initial forest CMrstiocks, and thus on life zones.
Aboveground C and N stocks may decline rapidly idiaiely after deforestation
followed by a slow decrease over time (Kauffmaale2003). Nevertheless, the
IPCC'’s latest estimate assumed that C stocks imdbetation of all Neotropical
pastures were 10 Mg C/ha within 10 years aftermstation (Houghton and Hackler
2001, Houghton 2003, Denman et al. 2007), intratlyial possible bias into the global
C budget.

The fate of soil C and N stocks in response to lasglchange is uncertain as
well (Guo and Gifford 2002, Murty et al. 2002). $hincertainty may play an
important role at the ecosystem level, becauseadjiglsoils contain larger C and N
stocks than vegetation (Chapin et al. 2002). Boglsés and gains in soil C and N
stocks due forest-to-pasture conversion have begmrted; two global reviews found
that on average either: (1) soil C stocks incred&em and Gifford 2002), or (2) soil
C and N stocks remained the same (Murty et al. @B2o and Gifford (2002) found
that sites with precipitation between 2000-3000 y&ar had increased soil C stocks
after conversion; whereas sites with higher or loprecipitation had both increased
and decreased soil C stocks suggesting that sthla@ges are related to climate.
Nevertheless, the IPCC’s latest estimate assunat@litropical soil C stocks
decreased after forest-to-pasture conversions (kfongand Hackler 2001, Houghton
2003, Denman et al. 2007), introducing anotheriptesbias into the global C budget.
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Life zone-based estimates of ecosystem C and X stanges may reduce
possible biases and uncertainties in global Ciihadels substantially and aid the
development of coupled climate-C-N models. Hougtgbal. (1991) indicated that
life zone based estimates of croplands and pastutestin America increased the
estimates of ecosystem C flux between 1850 and b99%% compared to their
reference estimate. However, no life zone basechat for C stocks in pasture
vegetation was used, probably due to a lack of. diataddition, they still assumed all
soil C stocks decreased due to forest-to-pastureersion regardless of life zone
(Houghton et al. 1991).

In this study we determined if tropical abovegroamd ecosystem C and N
stocks and associated net changes were relatéd rmhe and land use duration in
Costa Rica. Our objectives were to: (1) quantifg\eground and ecosystem C and N
stocks in pastures of a wide age range acrossadl lotonatic gradient, (2) quantify
net changes in aboveground and ecosystem C amtkssiue to forest-to-pasture
conversion, and (3) determine how aboveground aodystem C and N stocks and
associated net changes varied with pasture agkf@azdne. More specifically, we
addressed the following research questions: (1)liferegone and other climate
variables good predictors of aboveground and etesy€ and N stocks in pastures
and their net changes due to pasture-to-forestazsion?; (2) Do aboveground and
ecosystem C and N stocks in pastures change wsthingaage?; and (3) Does the
effect of pasture age on aboveground and ecosyStand N stocks differ by life

zone?
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3.2 Methods

3.2.1 Study areas

Our research was conducted in Costa Rica becahas @n extremely high biotic and
physical diversity in a relatively small area (3101knt). Costa Rica is bordered by
the Atlantic and the Pacific oceans, and is diggkby volcanic mountain ranges from
northwest to southeast. Across all sampled pastarean annual precipitation ranged
from 1512-5126 mm/year and mean annual temperednged from 16.8-27.8

(Table 2.1). There are 23 different life zones o8t Rica including 11 transition life
zones (Bolafios and Watson 1993). Transition lifeesoare transitions between two
major life zones, similar to ecotones. For examible, Tropical Premontane wet
forest-warm is the transition life zone betweenThepical Premontane wet forest and
Tropical wet forest life zones. Deforestation ins@oRica started in the Tropical dry
and moist forest life zones, and later in the Teapwet and Tropical Premontane
moist and wet forest life zones; by 1983, onlyl#ss accessible areas in the very wet
life zones retained relatively undisturbed for&ader and Joyce 1988). In 2002,
pastures made up about 46% of Costa Rica and 9@8bagjricultural land use types
(FAO 2008). More details on life zones and soil€osta Rica and estimation of
climate variables were described chapter 2.

3.2.2 Site selection

We stratified pasture sites by six dominant lifee®in Costa Rica (Table 2.1). Within
each of these life zones, we sampled one chroneseguconsisting of five or six
pastures of various ages. The sites for each cheauence were selected based upon
their proximity to mature forest sites sampled roanpanion study (Kauffman et al.
unpublished) (Appendix 1). We used these maturesteras reference sites to infer

impacts of forest-to-pasture conversion. We avoateas of anomalous soils, rock
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outcrops, and riparian zones. At each site, getdgagpordinates and elevations
(Table 2.1) were derived from global positioningteyn (GPS) readings.

Our pasture chronosequences represented the breg@esnge (time since
deforestation) within the sampled area that wed@nb with our time and resource
constraints. We determined pasture age by intesvigith landowners and other local
residents and once with aerial photographs. Chexquences are space-for-time
substitutions and a critical assumption of thisrapph is that the conditions for all
pastures within a chronosequence were initiallysr@e, and thus, differences
between pastures of different ages were due taigaage alone. Assumptions critical
to determine net changes due to forest-to-pastureersion were that our reference
forests were in equilibrium and that forest cormfis at the pasture sites prior to
conversion were similar among sites within eaah zibne. These assumptions were
impossible to verify, but we carefully selecteasito minimize confounding factors.

Pasture management differed by site and we maaétempts to account for
these differences. All the pastures were ownedimligo large beef cattle ranchers or
dairy farmers, and had been actively grazed siastupe establishment. Prior to
pasture establishment, many of the pastures waialincultivated with rice or corn
for 1-2 years following forest clearing. In drigeas, slashed forests were burned
before pastures were established, and then buereatically as part of their
maintenance. Pasture owners indicated that enveatahand health concerns had
reduced the use of fire in recent years. We sangilgghstures from January to March
2002.

3.2.3 Aboveground biomassand C and N stocks

Our plot design for quantifying biomass, C, andtdtks in pastures (Appendix 2)
was similar to Hughes et al. (2000) and Kauffmaal e2003). We determined total
aboveground biomass (TAGB) of all trees, palmsesjrsnagg10 cm dbh (diameter

at breast height at 1.3 m aboveground), and steb@p£m diameter in 50- x 100-m
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macro plots established near the center of eadhnea¥Vve measured dbh of smaller
(< 10 cm dbh) trees, palms, vines, dead snagsstantps 0-10 cm dbh within three 1-
x 100-m nested subplots 25 m apart in the macro YWe calculated biomass of
downed woody debris using planar intersect techesdivan Wagner 1968, Brown
and Roussopoulous 1974, Table 3.1). We measuratktka of woody debriz2.5 cm
diameter that intersected one of the three 100-tw@i50-m sampling planes located
along macro plot edges and mid-line (Appendix 2¢ thassified woody debris7.5

cm diameter into sound and rotten classes. Pibeg¢svere soft and fell apart when
poking into them were considered rotten. We reabkrcent slope of all sampling
planes for use in the biomass estimate equatiool¢Tal). Mean specific gravity
estimates for downed wood collected in the compamature forest study (Kauffman
et al. unpublished) were used for downed wood styras. We estimated biomass of
all trees, palms, vines, and snags using allomegtations of diameter and/or height
(Table 3.1). We sampled surface layer biomass stingiof litter (fallen leaves,

fruits, seeds, bark fragments) and wood <2.5 cnmédiar, grasses, and other
vegetation <1.3 m in height by collecting all m&tksrin eight 50- x 50-cm micro
plots. We placed all micro plots systematicallyarfat the corners of the macro plot,
three at the midpoints of the macro plot outling] ane in the middle of the macro
plot (Appendix 2). Fresh weight was determineddibsurface layer (grass/litter)
samples and subsamples were then oven-dried fata3s8at 65 °C to determine dry
weight. To determine C and N concentrations ofpagture surface layer, samples
were ground to pass through a 40-mesh screen (@)busing a cyclotec sample mill
(Tecator Inc., Herdon, Virginia), and total C anéihalyses were conducted by
induction furnace method (Nelson and Sommers 189B)g a Carlo-Erba NA series
1500 NCS analyzer (Fisons Instruments, Danverssitdmisetts) at Oregon State
University. We used C and N concentration estimfxten the mature forest data
(Kauffman et al., unpublished) for trees, palmsggi, and downed wood in pastures.
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3.2.4 Soil and ecosystem C and N stocks

We collected five soil cores to 0-1 m in depthiet focations spaced 25 m apart
along a 100-m transect in the middle of the madwot {oil cores were partitioned
into 5 depth layers and soil samples (n = 25) wetkected for each layer to
determine soil bulk density, and soil C and N coticaions, which were used to
calculate soil C and N stocks. Soil samples wereesl to remove particles >2 mm in
diameter, and ground to allow passage through mé&€h screen (250-um pore size).
Total C and N concentrations in the soils were mieitged using the same methods as
for our litter/grass samples. Generally, soil C Ahstocks were calculated by
multiplying soil C and N concentrations with soulk density estimates, the length of
the soil layer, and a unit conversion factor (Ckag). We applied a correction for
soil bulk density differences between mature refeegorests and pastures (i.e., soil
compaction; referred to as corrected soil C andthmates, Chapter 2). Most mature
forests that served as reference forests for theipes were sampled using another
gouge auger (tool B: volume = 23.7 $midth between vertical cutting edges = 3.45
cm) than the gouge auger used to sample pastuse(ail C: volume = 13 ¢

width between vertical cutting edges = 2.4 cm). Treference forests were sampled
with the same gouge auger as was used to samplegasils (tool C). To adjust for
this potential tool bias, we also calculated adidstoil C and N stocks. We
standardized (i.e., adjusted) all reference faestbulk densities by estimating soil
bulk densities based on forest soil C concentratiming a regression equation of
forest data sampled with tool C. Additional infottoa on soil sampling and
adjustments of soil C and N stock estimates weserdeed in Chapter 2.

We calculated ecosystem C and N stocks by sumntiogegground C or N
stocks and 0-1 m soil C or N stocks. In this disggm we specifically state if
estimates were adjusted and in all other casesns¢aits refer to our original
estimates. Adjusted ecosystem C and N stocks arsutim of aboveground C or N

stocks and soil C or N stock estimates adjustegdtential tool bias. We assumed
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that the differences in C and N stocks betweerupasiand mature forests C and N
stocks) were due to the conversions from foregiasiure. Our original ecosystem
C and N stocks were calculated by subtracting estesy C and N stock estimates of
reference mature forests from estimates of pastAjastedA ecosystem C and N
stocks were defined as ecosystem C and N stockasts adjusted for potential tool

bias from pastures minus adjusted estimates fréener@ce mature forests.

3.2.5 Statistical analyses

We determined Pearson coefficients of correlatipmg¢tween response variables
(aboveground and ecosystem C and N stocks, absoidteelative aboveground and
ecosystem C and N stock difference between pasame$orests4 aboveground and
ecosystem C and N stocks], %C and N and C:N ratigifass/litter) and explanatory
variables (pasture age, elevation, temperaturepegapitation) for our 31 pastures.
We compared six regression lines that describedhlibage of response variables with
pasture age for the different life zones for eadponse variable. Regression line
comparisons tested whether the: (1) slopes ofdbeession lines were similar to each
other (homogeneity of slopes); (2) response vagiabtrelated with pasture age (slope
# 0); and (3) chronosequences (and thus life zames different from each other,
while accounting for the effect of pasture age Qua intercepts). If the slopes of the
regression lines differed among life zones (testvk)did not conduct test 2 and 3
because of the age by life zone interaction. lidetected an age effect (test 2), then
we conducted test 3, which was similar to an amalyscovariance with pasture age
as a covariate. If we failed to detect an age eftest 2), then test 3 resembled an
analysis of variance. If we detected an effectfefdone in test 2 or 3, we conducted
pair wise multiple comparisons with Tukey-Kramejuastinents to test for differences
among life zones. We only corrected for age inntiudti comparison test fok
ecosystem C stocks. We natural log-transformed edround and ecosystem C stocks

to correct for unequal variance and we backtranstorthose results; hence, we
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reported differences between median life zone esis(Ramsey and Shafer 2002).
All statistical tests were conducted in PROC CORR BROC MIXED using SAS
software v 9.1 for Windows (SAS Institute 2002-2003

Although the ranges of pasture age for the diffeclironosequences were not
identical, they all overlapped substantially (Tablg), and therefore, we assumed that
our comparison of regression lines was an apprigppigcedure. Insufficient sites
were available for years immediately after defaggh, therefore only pasture8
years were used to test for age effects in the eoisyn of regression lines. We could
not determine the exact age of five pastures deerstraints in time and resources
(Table 2.1). Therefore, the following nominal agese used for those five pastures in
the analyses: >75 years = 75 years, >47 yearsye&®, >69 = 70 years, >35 years =
40 years. We report results on the sensitivitywofregression analyses by using the
ages: >75 years (site a) = 100 years, >75 yedeslsF 150 years >47 years = 50

years, >69 = 80 years, >35 years = 50 years.

'Copyright © 2002-2003 SAS Institute Inc. SAS arlb#hier SAS Institute Inc. product or service
names are registered trademarks or trademarks 8fl8gtitute Inc., Cary, NC, USA.
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3.3 Reaults

3.3.1 Aboveground C and N stocksin pastures

Aboveground C and N stock estimates in pastures highly variable mostly due to
the presence of large remnant trees and to a lessart downed and standing dead
wood. Aboveground C stocks ranged from 1-111 Mga@Glhd aboveground N stocks
from 0.046-0.886 Mg N/ha (Tables 3.2 and 3.3, Aplegs 20-22). The youngest
pastures (1 and 2 years) contained among the higheseground C and N stocks for
all pastures, although there were four older pastwith similar values (Tables 3.2
and 3.3, Appendices 20-22). Aboveground C stocksaiimpastures8 years averaged
24 £ 5.8 Mg C/ha. Trees and downed wood stestetg C/ha in 29% and 45% of the
pastures, respectively, including all pasturehenTropical dry forest life zone (Table
3.2). In all pastures, the combined tree, shrulmpand vine (labeled as tree/shrub) C
and N stock estimates ranged from 0-105 Mg C/hala@d'1 Mg N/ha, respectively
(Tables 3.2 and 3.3). Trees >10 cm dbh comprisad 6-100% of tree/shrub biomass
(Appendix 23). In five of the six pastures that t@mmed the highest C and N stocks,
the majority of aboveground C was stored in 5 tre®3 cm dbh/ha, whereas in the
one remaining pasture the majority of the C wasest@ 19 trees 10-30 cm dbh/ha. In
all pastures, palms comprised 0-15% of tree/shroiméss, and vines 0-3% of
tree/shrub biomass (Appendix 23). Downed wood Chustbck estimates ranged
from 0-31 Mg C/ha and 0-0.23 Mg N/ha, respectivaly] standing dead material
ranged from 0-23 Mg C/ha and 0-0.49 Mg N/ha (TaBl@sand 3.3). Grass/litter
estimates ranged from 1.1-7.8 Mg C/ha and 0.04-Bl@4N/ha (Tables 3.2 and 3.3)
and variation in these estimates were probablyeélt the time between our
sampling date and the last grazing event.

In pastures8 years, the effect of age on total abovegrounddNastocks
differed by life zone (CFs 17=2.3,P = 0.09; N:Fs517,=2.5,P = 0.07), and therefore,

no life zone comparisons were conducted (Append)x®/hen all 31 pastures were
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combined, aboveground C and N stocks declined pasture age (G:=-0.51,P <
0.01; N:r =-0.55,P < 0.01) and increased with precipitation (G 0.44,P = 0.01;

N:r =0.46,P = 0.01; Figure 3.1a; Appendix 25). The maximaboweground C and

N stocks were dissimilar among life zones, butrtiieima were similar; the highest
values in C and N stocks in pastur@years were found in the Tropical Premontane
wet forest-T-basal forest and Tropical Premontae fiorest life zones (Tables 3.2
and 3.3; Appendix 24). Sensitivity tests of ourresgion analyses using other nominal
ages changed results to some degree; it slightlggdd correlations between
aboveground C (r =-0.4€,= 0.01) and N stocks (r =-0.4P,< 0.01) and pasture
age, but it did not change the results from consparof regression lines for
aboveground C and N stocks. This indicated thaicefif age on total aboveground C
and N stocks differed by life zone regardless aeutainty in the ages of the oldest

pastures.

3.3.2 C and N concentrations and ratiosin pasture litter/grass

In general, litter C:N ratios in mature forests gvargher than C:N ratios in pasture
grass/litter, except for three pastures in the iCadry forest life zone and one of
three pastures in the Tropical Lower Montane ranedt life zone (Appendix 26). The
%C in grass/litter samples ranged from 34.7-47 %X,from 0.74-2.09 %, and mean
C:N ratios from 22.7-57.1 (Appendix 27). Mean %onQyrass/litter in pastures3

years was not related to pasture age or life zbablé 3.4). In contrast, mean %N in
grass/litter and grass/litter C:N ratios differeihwife zone fs .= 9.68,P < 0.01;
Fs20=13.6,P < 0.01, respectively). Mean % N in grass/litter evlxwer, and
grass/litter C:N ratios were higher in pastur8syears in the Tropical dry forest life
zone than in all other life zones, which were samib one another (Appendix 27).
C:N ratios and %N in litter/grass were correlatethwlevation (C:N ratior = 0.43,P
=0.02; %N:r = 0.51,P < 0.01), temperature (C:N ratio= 0.51,P < 0.01; %Nr = -
0.58,P < 0.01), and precipitation (C:N ratio=-0.73,P < 0.01; %Nr = 0.74,P <
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0.01); but we found no correlations between %Gtierlgrass and elevation, age, and

climate variables (Appendix 25 and 28).

3.3.3 Effects of forest-to-pasture conversion on aboveground C and N stocks

The total aboveground C and N stocks in pasturee alelower than mature
reference forests (Table 3.5). Total abovegrourahN stocks in pastures were on
average 83% (-139 Mg C/ha) and 78% (-1.05 Mg Niinagr than mature forests,
respectively, ranging from -24% to -99 % (-34 t872Mg C/ha) and -25% to -97% (-
0.3 to -1.78 Mg N/ha), respectively (Table 3.5;Ufgy3.3a-b; Appendix 29a-b).
AbsoluteA aboveground C and N stocks in pastures were depéod the initial
forest stocks. Absoluté aboveground C and N stocks in pastaz@gyears had a
stronger relationship with life zone (€5 2,=24.1,P < 0.01; N:Fs52,=23.7,P <
0.01) than relative differences (Es 3= 2.8,P = 0.04; N:Fs 2= 3.8,P = 0.01; Table
3.4). Hence, absolute mearaboveground C and N stocks in pastx@gyears were
highest in the Tropical Lower Montane rainforet kone (-231 Mg C/ha and -1.7
Mg N/ha) where forest aboveground C and N stock® wee highest of all life zones
(Table 3.5). Similarly, absolute mearaboveground C and N stocks varied more by
pasture age (F12,= 3.1,P =0.09; N:F; 2o,=4.6,P = 0.04) than relative differences
(C:F122=2.3,P=0.15; N:F1 2o= 3.6,P = 0.07). Sensitivity of our regression
analyses using other nominal ages changed outsdeulbsolute\ aboveground C
and N stocks: the age effects disappearedr{G;= 1.49,P = 0.23; N:F; 2= 2.19,P
=0.15).

Pearson coefficients of correlation indicated #izgoluteA aboveground C
and N stocks decreased with elevationr(€:-0.72,P < 0.01; N:r =-0.70,P < 0.01)
and precipitation (C. =-0.58,P < 0.01; N:r =-0.52,P < 0.01), and increased with
temperature (0. = 0.73,P < 0.01; N:r = 0.69,P < 0.01) (Figure 3.1 b-c, Appendix
25). RelativeA aboveground C stocks only weakly increased wigtipitation ¢ =

0.31,P= 0.09) and relativa aboveground N stocks were not correlated withainy
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the climate variables (Appendix 25). The effectagé on absoluté aboveground C
and N stocks were masked by the effect of climampéndix 25), and relative
differences decreased with pasture age €:0.62,P < 0.01; Nir =-0.58,P < 0.01).

3.3.4 Ecosystem C and N stocksin pastures

Soil C and N stocks comprised the majority of pastcosystem C and N stocks
because aboveground C comprised on average 11%ngainom 1-36%), and
aboveground N comprised on average 2% (ranging &@w.7%) of the ecosystem
(Tables 3.2 and 3.3; Figure 3.4). Original ecosysteand N stock estimates in
pastures were highly variable, ranging from 73-8i6C/ha, and 5.4-25.4 Mg N/ha,
respectively (Tables 3.2 and 3.3, Appendix 24 cFte pastures with the highest
aboveground C and N stocks also contained the siiglod C and N stocks (Appendix
30). Ecosystem C and N stock estimates in pasautjgisted for potential soil
sampling tool bias were higher than our originaineates and ranged from 78-586 Mg
C/ha, and 5.8-39.4 Mg N/ha, respectively (Appergiix

Median ecosystem C and N stock estimates in past8rgears differed by
life zone (C:Fs2,=109.8,P <0.01; N:Fs 3= 158.6,P <0.01 ). Median ecosystem C
stocks in pastures8 years formed three different groups: 1) the Tealpdry and
moist forest life zones had the lowest estimatgf& Tropical wet forest life zone
estimates were about twice as high as the firsigrand 3) the estimates for the three
other life zones were another 33% higher than gé(pable 3.2). In contrast, median
ecosystem N stocks in pasturgsyears formed five groups: median ecosystem N
stocks in Tropical dry, moist, and wet forest kfenes were different from the other
life zones, and the other three life zones formeal partially overlapping groups
(Table 3.3). Estimates in the Tropical Premontaie forest life zone were similar to
estimates in the Tropical Premontane wet forestweand Tropical Lower Montane
rain forest life zones, while the two latter liferes differed from each other (Table

3.3). Median ecosystem N stocks in the Tropicalgtiimirest life zone were 29%
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higher than in the Tropical dry forest life zoné€Testimate in the Tropical wet forest
life zone was another 67% higher than the Tropiuailst forest, and the estimate in
the Tropical Lower Montane rain forest was anoi& higher than the Tropical wet
forest (Table 3.3). Ecosystem C and N stocks deerkwith temperature (€= -
0.73,P <0.01; Nir =-0.83,P < 0.01) and increased with precipitation (G: 0.87,P

< 0.01; Nir =0.90,P < 0.01; Table 3.3 and Figures 3.2a-b).

In pasture$8 years, ecosystem C stocks differed by pastur¢rage= 10.98,P <
0.01). In contrast, the age effect on ecosystertobks was marginally related to life
zone Fs17= 2.2,P = 0.10) because the pastures in the Tropical Preamenain forest
life zone increased with pasture age, while pastur®ther life zones did not change
or decreased with age (Table 3.4, Appendix 24). Mdiepasture were combined
ecosystem C and N stock estimates decreased vét{Cag=-0.57;P < 0.01; Nir = -
0.45;P = 0.01; Appendix 23). Sensitivity tests of ourneggion analyses using other
nominal ages changed some of our results. It $}igihtanged correlations between
ecosystem Cr(= -0.56,P < 0.01) and Nr(=-0.50,P < 0.01) stocks and pasture age.
It did not change the comparison of regressiorslioe ecosystem C stocks, but for
ecosystem N stocks we now detected an interactfeatdetween life zone and age
(Fs17= 2.58,P = 0.065).

3.3.5 Effects of forest-to-pasture conversion on ecosystem C and N stocks

At the ecosystem level losses due to forest-toypastonversion were more apparent
for C than N stocks. Original ecosystem C stockresies were on average -38 + 4%
(-119 £+ 13 Mg C/ha) lower in pastures than mateference forests (Table 3.6). In
contrast, original ecosystem N stock estimates weraverage 6 + 4% (1.03 £ 0.53
Mg N/ha) higher in pastures than forests (Tablg. Absolute and relative original
ecosystem C and N stock estimates were highly barisanging from -66 to 8% (-
259 to 26 Mg C/ha) and -53% to 43% (-6.12 to 7.48Miha) in pastures compared to
mature forests (Table 3.6; Figures 3.3 c-d andSppendix 29c-d). Tha ecosystem
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C and N stock estimates adjusted for soil samgbogbias were lower than our
original estimates with average losses for bottsgstem C and N stocks of -143 Mg
C/ha and -1.1 Mg N/ha, respectively (Appendix Zd)solute and relative adjusted
ecosystem C and N stock estimates were highly Marend ranged from -342 to 51
Mg C/ha (-64% to 13%) and -8.7 to 9.7 Mg N/ha (-5t983%), respectively.

The originalA ecosystem C stocks in pastures were dependerastarg age,
life zone, and initial forest C stocks. AbsolutelaalativeA ecosystem C stocks in
pasture$-8 years were related to pastures &ge{= 3.6,P = 0.07;F1 = 4.5,P =
0.05), respectively, and life zones(,,= 25.2,P < 0.01;Fs52,=11.7,P < 0.01),
respectively. Sensitivity tests of our regressinalgses using other nominal ages did
not substantially change our results for absolugzosystem C stocks. Mean absolute
A ecosystem C stocks were highest (-238 + 10 Mg)Gdvhtne Tropical Lower
Montane rain forest life zone (Table 3.6; Figurgc3. Mean absoluta ecosystem C
stocks were lowest but highly variable (-49 + 24 @Wpa) in the Tropical Premontane
wet forest-warm life zone, and thus, not differeatl8 + 2 Mg C/ha) from the
Tropical dry forest life zone mean (Table 3.6, F&8.3 ¢). Mean absolute
ecosystem C stocks in other life zones were sirntol&ach other ranging between
-110 £ 5and -135 + 17 Mg C/ha (Table 3.6). In casif, mean relativa ecosystem C
stock was lowest in the Tropical Premontane wetdbwarm (-16%) while the mean
in the remaining life zones differed from nonewm tout of five life zones (Table 3.6,
Appendix 29c).

TheA ecosystem N stocks were not dependent on foresbdks, and there
was an interaction between life zone and age dm &logolute and relative
ecosystem N stock&€,,=2.3,P = 0.09;Fs17= 2.4,P = 0.08, respectively).
Sensitivity tests of our regression analyses usthgr nominal ages did not
substantially change our results for absolcosystem N stocks. All pastures in the
Tropical dry forest life zone had lower ecosysteratdtks than their reference mature
forests, while all pastures in the Tropical weekir Tropical Premontane rain forest

and Tropical Premontane wet forest-warm life zdmee higher ecosystem N stocks
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than forests (Table 3.6, Figure 3.3d). Thecosystem N stocks in the Tropical Lower
Montane rain forest life zone were highly varialsbnging from -3.4 £ 0.3 (-34 + 3

%) to 3.5 + 0.6 Mg N/ha (14 + 4 %) (Table 3.6, Fg3.3d, Appendix 29d). In
contrast, pastures in the Tropical moist forest2ibne had similar ecosystem N stocks
as their reference forests (Table 3.6, Figure 3Apgendix 27d).

With all pastures combined, absold&@cosystem C stocks decreased with
pasture ager (= -0.36,P = 0.05) and elevation € -0.67;P < 0.01) and increased with
temperaturer(= 0.58;P < 0.01). Relativé\ ecosystem C stocks decreased with age (
=-0.65,P < 0.01) and increased with precipitation=(0.58;P < 0.01; Figures 3.2 c,
Appendix 25). In contrast td ecosystem C stocks, the correlation with age atien,
and climate variables were similar for absolute aafativeA ecosystem N stocks.
Absolute and relativa ecosystem N stocks decreased with age-0.52,P < 0.01
andr = -0.63,P < 0.01, respectively) and increased with precijita(r = 0.65,P <
0.01 and =0.71,P < 0.01, respectively; Figure 3.2d, Appendix 25).

3.4 Discussion

3.4.1 Aboveground C and N stocks

Our study documented exceptionally high C and kstan some of the pastures,
which caused relatively small differences betwdase pastures and their reference
forests. In about 80% of our pastures, abovegrdliadd N stocks were 75-99% and
62-97% lower, respectively, than mature forestdciwvas similar to findings from
other Neotropical pastures (Kauffman et. al. 19988 and 2003; Guild et al. 1998;
Hughes et al. 2000 and 2002; Jaramillo et al. 2003 other 20% of our pastures
contained 24-62% and 25-58% less aboveground Q\astdcks than their reference
mature forests, respectively. This 20% includedlowand 2-year-old pastures, which
contained aboveground C and N stocks equivalenb@% of mature forest stocks.

These findings were similar to slashed primary$ts@nd a 1-year-old shifting
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cultivation site in the Tropical moist forest ltene in the Amazon basin (Kauffman
et al. 1995, Guild et al. 1998, Hughes et al. 20B2ysides our two pasturef years,
four pastures located in Tropical Premontane wetstewarm and Tropical
Premontane rain forest life zones contained higin€N stocks ranging from 81-111
Mg C/ha and 0.686-0.886 Mg N/ha, which has not lEmumented elsewhere in
Neotropical pastures2 years old.

Large (remnant) trees and to a lesser extent dowwoed were responsible for
the high aboveground C and N stocks we documehsede remnant trees and
downed wood were particularly abundant in the pasteR years, and in pastures in
the Tropical Premontane rain forest life zone whgi@nd N stocks in both
components decreased with pasture age. In addiéiage trees were also abundant in
two pastures in the Tropical Premontane wet fonestn life zone. The C and N
stocks in downed wood in our study were equal tenaaller than other findings in
very young pastures in the Amazon Basin, whileloghest C and N stocks in large
trees have not been documented elsewhere in Nemlgastures (Guild et al. 1998;
Kauffman et al. 1998 and 2003, Hughes et al. 20@026©02, Jamarillo et al. 2003).

The socio-economic and cultural background of irtlial land owners and
managers were probably important drivers affectimegamount of large forest
remnant trees in pastures, and hence abovegrostar@& and N stocks. Farmers
leave trees in pastures for the provision of shaader, and fence posts as well as
aesthetic and wildlife purposes (Harvey and Hal9&9).

We did not find decreasing aboveground C and Nkstagth pasture age in
the majority of our chronosequences. Forest legaayponents in pastures should
decrease with pasture age due to natural and gatheoic losses of remnant trees and
decomposition of downed wood. Unless the rate -gfrosvth and invasion of
vegetation is higher than the removal rate by geaaed humans, pasture
aboveground C and N stocks should have decreaskgasture age. Although

pasture age probably played some role in the amafurggetation in pastures, the
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high level of variation in legacy components ampagtures within life zones
prevented us from detecting an age effect in miestbnes.

We showed that not accounting for forest legacymaments in pastures can
lead to underestimation of aboveground C stockéaatropical pastures, hence, it
may have lead to overestimation of C fluxes du@test-to-pasture conversion when
using Houghton and Hackler’s (2001) widely used ebo@n average our pasture®
years contained 24 + 5.8 Mg C/ha aboveground kstachich is 2.4 times higher
than what Houghton and Hackler’'s (2001) assumeeléxclude the 4 pasture2
years with exceptional high C and N stocks, theaiaing pastures contained on
average 13 + 2 Mg C/ha. This indicates that Houglated Hackler's (2001)
assumption of 10 Mg C/ha in their model is reastafdy pastures without large trees
or downed wood.

Absolute aboveground C and N stock losses dueréstfdo pasture conversion
differed by life zone and were dependent on infoaést C and N stocks. Although
some tropical C flux models (e.g., Achard et aD£20assumed aboveground C stocks
to be dependent on initial forest C stocks, magtital C flux models (Achard et al.
2004, Houghton 2003, Houghton and Hackler 200Inataaccount for all climate-
related variability in C fluxes. In addition, iffest C stocks estimates are highly
uncertain, then C flux estimates may also be uaterFurthermore, current tropical C
flux models do not account for the existence otyras with large remnant trees
(Achard et al. 2004, Houghton 2003, Houghton ancki¢a 2001). Our study suggests
that life zones could be used to predict maximuovaround C and N stocks in
pastures and C and N stock differences betweenneasand forests. Therefore, we
recommend that future C flux models should accéam€ stock variability related to
life zones. Life zones were good predictors forsgstem C and N stocks in croplands
(Chapter 4), as well as mature (Kauffman unpubti3laed secondary forests
(Cifuentes Jara 2008).
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3.4.2 Ecosystem C and N stocks

Ecosystem C and N stock estimates varied by lifezomong our pastures and
included higher estimates than reported elsewlerthé Neotropics (Guild et al
1998, Hughes et al. 2000 and 2002, Jaramillo &0413, Kauffman et al. 1998).
Aboveground C and N stocks comprised only a fractibthe ecosystem C and N
stocks in pastures with the exception of 20% ofgastures with high C stocks in
large remnant trees and downed wood. These fagaty components and the
relatively high soil C and N stocks in the wetti@stzones were the driving factors of
the highest ecosystem C and N stocks in our pastireur study, minimum
ecosystem C losses due to forest-to-pasture caowesere lower than findings from
other Neotropical pastures because of the pres#ribese high C stocks in forest
legacy components in some of our pastures (Hugheds 2002 and 2002, Jaramillo et
al. 2003, Kauffman et. al. 1998).

The originalA ecosystem N stocks due to forest-to-pasture ceiorem our
study differed from the few other studies in theotepics, which reported both
ecosystem C and N losses due to forest-to-pastumeecsion (Hughes et al. 2000 and
2002, Jaramillo et al. 2003, Kauffman et. al. 1998)r original estimates indicated
that pastures had on average 4% higher ecosyststockis and 39% lower ecosystem
C stocks than their reference mature forests. Gmates adjusted for potential
sampling tool bias indicated that pastures hadvenage 38% and 6% lower
ecosystem C and N stocks, respectively, than te@rence mature forests. This
difference between ecosystem C and N stock chasméd occur because unlike C,
the vast majority of forest ecosystem N is natyraibred in the soils and not in the
vegetation. In our study, the absolute abovegrduistbck losses were smaller than
the absolute soil N stocks gains in some of théupes (Figure 3.4b and Appendices
31-32). Both soil N stock gains and losses aftegdbto-pasture conversions have
been commonly found in other studies (Murty e2aD2).
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Ecosystem C and N stocks and their changes wiatedeo life zone and
pasture age. Pasture age was negatively correldtieecosystem C stocks and its
changes. For ecosystem N stocks and its changeswvieee interactions between the
age and life zone effects, although not statidficagnificant for ecosystem N stocks.
The ecosystem N stocks and its changes in the dabpremontane rain forest life
zone increased with pasture age, while soil N ®t@aid its changes in other life zones
decreased or did not vary with pasture age. Thie Vagiability within some life zones
probably reduced our ability to detect N changéstied to pasture age.

Part of the variation i ecosystem C and N stocks were driven by variation
A soil C and N stocks. Differences in C and N staoksits and decomposition may
explain the variation i\ soil C and N stocks and we proposed three difteren
mechanisms based on the net balance between mpaditsutputs (Chapter 2). All
pastures in the Tropical dry forest and TropicarRontane rain forest life zone had
lower C and N stocks in the litter layer than matiarests, which may have resulted
in lower soil C and N inputs. The C and N stockthia litter layers in pastures in the
Tropical moist and wet forest, Tropical Lower Mamtarain forest life zones did not
substantially differ from the mature forest littayers, which may have resulted in
similar inputs for soil C and N stocks in the pastuand forests. The C and N stocks
in the litter layers in pastures in the Tropicadi@ontane wet forest-warm life zone
had substantially higher C and N stocks than theiradorest litter layers, which may
have resulted in higher inputs for soil C and Nck$oin the pastures and forests. We
would need data on differences in decompositiogsrand N fixation rates in our
pastures versus mature forests to evaluate theanmschs we proposed in Chapter 2

for our sites.

3.4.3 Study limitations

Adjusted soil bulk density estimates of mature $tsanay be an improvement of our

original estimates ofA) soil and ecosystem C and N stocks, if we assiiatethe use
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of two different sampling tools introduced a samglbias. This would result in higher
soil and ecosystem C and N stock estimates in mébuests and pastures compared
to our original estimates. In contrast to our ar@jiestimates, adjusted ecosystem N
stocks were on average lower in pastures thantfordsvertheless, adjustad
ecosystem C and N stocks due to pasture-to-fooestecsion varied widely by
pasture including both net increases and decreases.

Interpretations from the space-for-time substitugian this study depend on
the partly untestable assumption that the origimi@sts at our pasture locations at the
time of clearing were in the same condition asreterence mature forests, and that
ecosystem C and N stocks in those forests werésteady state” prior to
deforestation. There is evidence from the Guagitea of Costa Rica that forests on
more fertile soils were preferentially cleared (Mamp et al. 1992). Therefore, initial
clearing of forests may have occurred preferentiatl forest soils with high initial C
stocks for our pastures in the Tropical wet andrfergane wet forest-T-basal life
zones (Powers and Veldkamp 2005). Generally, lsedistory interviews with
landowners in this study confirmed this trend. Pheferential clearing of forests with
high initial soil C and N stocks could explain thereased soil and ecosystem C and
N stocks in our pastures compared to our matuezaete forests.

Due to high within chronosequence variability tifile& of pasture age was not
always clear. Long term studies that follow sitesrdime after deforestation would
be a better way to determine the effect of pasigeeon ecosystem C and N stocks.
Measurements before and after deforestation ol@rgaperiod of time would also
address potential biases due to inadequate retereature forests. This type of study
is virtually non-existent in the tropics becauseythre time consuming and require
long term planning a well as funding.

Differences in temperature and elevation betweaitupas and reference
mature forest may have confounded the relationséipveen temperature and
elevation and\ ecosystem C and N stocks. Generally, these difte®occurred

because there were no mature forests present axdéioe same elevation as the
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pastures. Tha ecosystem C stocks increased with temperaturerdiftesr(=0.59,

P < 0.01) between pastures and forests, whekXesosystem N stocks increased with
elevation differences E 0.56,P < 0.01) between pastures and forests. Xhe
aboveground C and N stocks increased with temperditferences between pastures
and forestsr(=0.48,P < 0.01,r =0.47,P < 0.01, respectively). When excluding
pastures in the Tropical Lower Montane rain foléstzone, the direction of the
relationship between aboveground C and N stocks and temperature diftese
between pastures and forests revenses-0.45,P = 0.02,r = -0.44,P = 0.02,
respectively). This indicates that the confoundiffgct of temperature varied by life
zone. A correction for these confounding factory mat decrease the uncertainty of
our findings because of uncertainties in the cliomdata and the inherently high
variability in soil and aboveground C and N stork$orests.

The use of non-replicated chronosequences limggktent to which our
finding can be generalized to other pastures withése life zones, especially our
findings on the highly variable forest legacy comeuots (trees and downed wood) in
pastures. Within life zones edaphic, hydric, amdaspheric conditions can subdivide
life zones into different “plant associations” (ldatige 1967). We careful selected
sites that represented “typical” edaphic, hydrid atmospheric conditions, and
therefore this study is limited to what Holdridd®67) called “the one climatic
association”. Rocky outcrops, swamps, and monsaeals are examples of sites that
should not be classified as the “one climatic ais¢imn” and therefore our data should
not be extrapolated to these other associations.

A larger sample size or a different technique #taounts for high variability
in legacy components in pastures might have ineckasr ability to detect age and
life zone effects on aboveground C and N stocks. Albt design we used to estimate
tree biomass in pastures was chosen for its efitgi@nd to keep methods consistent
with reference mature forest data. A point quastenpling approach or remote
sensing techniques could be used to determine bawnon large (remnant) trees are

in all pastures across large areas.



84

Despite these limitations, life zone appears ta geod predictor variable and
mapping tool for describing ecosystem C and N st@tkhe regional scale for Costa
Rica. This was also confirmed by data from mati@uffman et al., unpublished
data) and secondary forests (Cifuentes Jara 2868yell as croplands (Chapter 4).
Whether life zone would be a good predictor actbhesvhole (Neo)tropics cannot be
evaluated with the data collected in this study,dwidence from other studies on soll
C and N stocks (Post et al. 1982 and 1985, Alvakifi6) suggests this may be the

case.

3.4.4 Implications and futureresearch

Our study and its companion studies (Kauffman at@bublished data, Cifuentes Jara
2008) suggested that the Life Zone system (Holarit@d7 and 1967) is a useful
classification system and mapping tool to estinaggonal (in our case Costa Rica)
and perhaps global ecosystem C and N stocks axelstliBased on our study,
incorporating ecosystem C and N stock variabilghated to life zone into regional
and global models is more important than includiagability related to pasture age.
Most C flux models already account for variabilitith pasture age to some extent
because they often include different rates of @very and loss for various time
intervals (e.g., Houghton and Hackler 2001). Acdmgnfor the variability in
ecosystem C stocks related to climatic differemveiisin the tropics in pan-tropical
and global C flux models is also important (Chagder

Ecosystem N stocks increased after forest-to-pastomversion in some of our
pastures due to increased soil N stocks. Althougterainties exist in our data, soil N
increases have been reported elsewhere. The lomg+telications of increased N
storage are under debate, but it may lead to iserte& and N fluxes (Aber et al.
1998) especially given the increased N depositbesrexpected in the tropics
(Matson et al. 1999). The role of phosphorous,moétdimiting nutrient in tropical

ecosystems (Townsend et al. 2002), and data orcgyin our pastures and forests
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are needed to better understand the mechanismsdoiblel ecosystem C and N stocks
and changes documented in our study.

Reforestation of pastures could potentially resstprdarge aboveground C
stocks that were lost due to forest-to-pasture emion. The global importance of
reforestation has been recognized because of tHdwide extent of (pasture) land
that could be reforested (Brown and Lugo 1990,e8ibt al 2000, Wright and
Mueller-Landau 2006). Cifuentes Jara (2008) predit¢hat secondary forests along a
similar climatic gradient as our pastures couldiatecosystem C levels similar to that
of mature forests in 44-105 years. Ecosystem (kstiwmcsecondary forests differed by
life zone and rates of ecosystem C sequestratioa ghest in life zones with
intermediate levels of precipitation and lowestha Tropical dry forest and
Premontane rain forest life zones.

Protecting remaining forest in the Tropical Prenaoetand Lower Montane
rain forest life zones is essential for reducintyife C emissions. Our study
determined that the potential C loss if convertegddsture is highest in these wettest
life zones. Protection could conserve more abowegtdC per hectare in the wettest
life zones (averaging 160 and 231 Mg C/ha in TralpRremontane and Lower
Montane rain forest life zones) than could be maiyrsequestered by reforestation
of the drier life zones (on average 86 and 125 MpaCn the Tropical dry and moist
forest life zones using mature forest estimatels@s€ wetter life zones have relative
large forested areas which may be available fotreptmn (Sanchez-Azofeifa et al.
2001).

We suggest that the extent of remnant trees iupeEstaind possibly other land
uses across large areas should be evaluated whitteent technique than our plot-
level estimates, because these remnant trees caxisegtionally high aboveground C
and N stocks in 14% of our pasturgsyears. While this type of information was only
documented for a few pastures (Guild et al. 199)finan et al. 1998 and 2003,
Hughes et al. 2000 and 2002, Jamarillo et al. 2008)suggest data are needed to

evaluate whether presence of large remnant tremgdshbe included in pan-tropical or
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global C stocks and flux estimates. Harvey and H&#99) surveyed a 400-ha area
nearby our pastures in the Tropical Lower Montaaie forest life zone and on
average found 25 remnant trees per hectare witbanrdbh of 38.9 cm and 10 m
height, which amounts to 6.5 Mg biomass/ha usirrgotamass equations. This
estimate is 18-58% of the tree/shrub biomass tlkeal@cumented in pastures in
similar life zones, which suggests that our pleklesstimates of remnant trees should
not be extrapolated to other areas.

Our study highlights the importance of remnantdree local C storage, even
though the presence of these trees at a globa smalains equivocal. Our results
suggested that large remnant trees in pasturée imropical Premontane rain forest
and Premontane wet forest-warm life zones couldexe the same amount of C on a
per-hectare basis as protecting tropical dry fotestddition, remnant trees may play
an important role in C storage in secondary for@Sifsientes Jara unpublished data).
Besides C storage, large remnant trees in pagtuoegie benefits to many organisms
and humans and therefore protection of these haggreat ecological value (Harvey
and Haber 1999). We suggest that landowners beueanged to retain large trees to

the extent possible with pasture management goals.
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Table 3.1. Equations to determine height and abowegl biomass of Costa Rican mature forest andipgsbmponents in different
life zones and literature references.

Component
Class Biomass equations Reference

Tree Height (m)
Tropical dry forest 8.5513 In(dbh) — 13.384 Kauffredral. unpublished
Tropical moist forest 9.8279 In(dbh) — 11.775 Kaudfiret al. unpublished
Tropical wet forest 13.185 In(dbh) — 20.407 Kauffredral. unpublished
Tropical Premontane wet forest 10.601 In(dbh) 493. Kauffman et al. unpublished

Tropical Premont. & Lower Mont. Rain 12.032 In(dbh) — 16.612

Kauffman et al. unpublished
Tree biomass (Mg)

Kauffman et al. unpublished

0-10 cm dbh [0.1295exp(2.3734 In (dbh)] x 10-3 Kendh et al. unpublished
10-30 cm dbh [0.0292(dbh2*H) + 2.444] x 10-3 Kauffiret al. unpublished
> 30 cm dbh [0.0295(dbh2*H) — 184.91] x 10-3 Kauffiret al. unpublished
Palm biomass (Mg)
0-10 cm dbh [(exp(0.9285 In(dbh)2 + 5.7236)) x 1030-6 Cummings et al. 2002
> 10 cm dbh [7.7(stem ht) + 4.5] x 10-3 Frangi andd.1985
Liana biomass (Mg)
Tropical dry and moist forest [exp(0.07 +2.17(Indbkx)10-3 Gerwin and Farias 2000
Tropical wet and rain forest [10 0.12 + 0.91(lod3A)) ] x 10-3 Putz 1983
Dead wood (Mg)
Standing I1(dbh/2)2 H(sg) x 10-6
Downed wood (sg x [{2 xX(d2) x C)/8L)) x 102 Van Wagner 1968, Brown and

Roussopoulous 1974
Definitions and units used in equations: Biomasxzessed in Mg on a dry weight basis. dbh = diem(cm) at 1.3 m height;

d = diameter of downed wood at the point wherepimticle crosses the transect; H = height (m); Basal area (cm2);
sg = specific gravity(g/cm3); C = slope correctfaotorV(1+(%slope/100)2); L = transect length (cm).
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Table 3.2. Aboveground C stocks by component andystem C stocks (Mg C/ha) in
pastures arranged in six chronosequences in Castadhd mean + SE reference mature
forest and pasture C stocks by life zone, and me@%% confidence interval) pasture C
stocks by life zone.

Life zone Age Trees/ Standing Grassl/litter Downed wood Total Total
(yrs) shrubs dead mean SE mean SE  aboveground ecosystem
Tropical dry forest forest (n=2) 64.2+0.5 2.0+0.7 26+ 0.1 139 + 25 86.3+3.7 196.3+25.1
29 0.3 0.0 35+ 05 03+ 0.2 4.1 86.0
43 0.0 0.0 47* 0.6 0.0 + 0.0 4.7 80.6
62 1.1 1.3 48+ 0.5 0.0 + 0.0 7.2 81.5
>75 (a) 0.7 0.0 3.7+ 04 0.0 £ 0.0 4.4 80.2
>75 (b) 0.0 0.0 2.7+ 0.6 0.0 £ 0.0 2.7 735
mean pasture +t SE 0.4+0.2 0.3+0.3 3904 01+ 0.1 4.6+0.7 80.3+2.0
median pasture (95% ClI) 4 (2-11) 80 (72-90) a
Tropical moist forest ~ forest (n=3) 109.3 +1.7 1540 42 + 0.0 10.2 + 0.6 1251+24 203.4+6.6
28 (a) 15.7 0.0 4.3% 0.6 03+ 01 20.2 106.8
28 (b) 25 0.0 7.0+ 14 0.6 + 0.4 10.1 100.2
42 2.7 0.1 43+ 05 22+ 13 9.2 96.4
>47 2.2 0.0 20+ 0.9 0.0 + 0.0 4.2 89.2
>69 0.0 0.0 29+ 0.6 0.0 £ 0.0 29 76.0
mean pasture +t SE 4.6 +2.8 0.0+0.0 410.8 06 + 04 9.3+3.1 93.7+5.3
median pasture (95% ClI) 7 (3.19) 93 (83-104) a
Tropical wet forest forest (n=3) 153.2 £ 15.7 4541, 21 + 0.1 277+ 54 1874+124 313.7+£25.0
2 64.6 2.7 78+ 1.2 19.0 £ 4.8 94.1 341.4
8 55 0.7 25+ 05 1.7 £ 0.8 104 214.8
16 2.4 0.3 11+ 0.1 31% 16 6.9 197.9
18 105 0.2 49+ 0.6 0.2 + 0.1 16.0 207.5
35 9.4 0.6 42+ 0.7 6.2 £ 3.2 20.3 190.7
>35 5.4 0.1 1.8+ 0.3 0.7 + 0.6 8.0 189.9
mean pasture £ SE 6.6 £ 1.5 0.4 +0.1* 2.9 0.7 2.4* + 1.1* 123+25* 200.2 +4.8*
median pasture (95% CI) 11 (5-29)* 200 (178-224)
Tropical Premontane  forest (n=2) 117.9+6.6 8.0+3.3 27 = 0.2 16.4 + 3.6 1449 +0.5 307.7 +36.3
wet forest-warm 15 54.1 232 6. 0.7 16.7 £ 9.9 100.9 315.2
20 0.0 0.0 6.1+ 0.8 0.7 + 04 6.8 204.5
26 20.6 0.6 70% 0.6 8.7+ 27 36.9 253.4
40 105.4 0.0 3.6+ 0.3 1.8+ 1.1 110.8 309.0
50 0.5 0.0 71+ 13 0.0 £ 0.0 7.6 202.4
mean pasture £ SE  36.1 +£19.9 48+4.6 6:10.7 56 + 3.2 52.6+225 256.9 +24.3
median pasture (95% ClI) 29 (12-73) 252 (225-28:b
Tropical Premontane  forest (n=3) 172.4+2.7 9.55 1. 40 * 0.6 26.0 £ 2.0 2119+1.4 415.6 +8.7
rain forest 1 57.6 10.7 3.7¢ 0.3 30.8 £ 9.0 102.8 405.6
10 53.7 2.6 3.3+ 0.6 213+ 49 80.8 305.3
25 76.1 7.6 3.0+ 0.3 115 + 4.6 98.2 312.3
45 11.4 1.2 3.0+ 0.3 104 + 6.0 25.9 266.4
70 0.0 0.0 11+ 01 03+ 0.2 14 239.1
mean pasture £ SE 35.3+17.8* 2.8+1.7* 2.6 0.5% 10.9* + 4.3* 51.6+22.8* 280.8+17.2*
median pasture (95% ClI) 23 (8-65)* 279 (246-317b
Tropical Lower Monta forest (n=2) 223.0 +13.4 2.7+0.6 3.8 0.6 219+ 16 2514+155 522.5+57.6
rain forest 16 121 2.3 4.7+ 0.5 29 + 19 22.0 283.9
28 5.7 1.0 78+ 0.8 30% 14 17.6 318.6
32 5.9 3.6 22+ 0.2 25 % 15 141 261.6
48 21.0 0.2 3.3+ 05 28 + 1.9 27.3 263.8
54 11.4 0.8 3.8+ 0.4 7.0 £ 6.0 23.0 286.3
mean pasture £t SE  11.2+2.8 1.6+0.6 431.0 36+ 038 20.8+23 282.9+10.3
median pasture (95% CI) 20 (8-51) 282 (252-31¢b

Labels (a) and (b) were used to distinguish betwaerpastures with the same age within one lifeezon
**Young pastures (1 and 2 years old) were not ideliiin calculations of mean and SE and median (95%
confidence interval). Median ecosystem C stockzastures by life zone followed by the same letter a
similar to one another; median not followed bytteleindicates median for this life zone is differérom

all other life zonesRagjustea< 0.1).
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Table 3.3. Aboveground N stocks by component andystem N stocks (Mg N/ha) in
pastures arranged in six chronosequences in Castadhd mean + SE reference mature
forest and pasture N stocks by life zone, and nme(®8% confidence interval) pasture N
stocks by life zone.

Life zone Age Trees/ Standing Grassllitter Downed wood Total Total
(yrs) shrubs dead mean SE mean SE aboveground ecosystem
Tropical dry forest forest (n=2) 0.497 + 0.004 0.016.805 0.142 + 0.001 0.118 + 0.022  0.771 +0.022 9.8243311.
29 0.002 0.000 0.062 + 0.0092 0.002 + 0.0019 0.067 6.775
43 0.000 0.000 0.085 + 0.0108 0.000 + 0.0000 0.085 7.173
62 0.007 0.010 0.100 + 0.0113 0.000 + 0.0004 0.117 6.632
>75 (a) 0.005 0.000 0.084 + 0.0083 0.000 + 0.0002 0.088 6.801
>75 (b) 0.000 0.000 0.069 + 0.0141 0.000 + 0.0000 0.069 5.426
mean pasture + SE 0.003 £ 0.001 0.002 +0.002 0.080 910. 0.001 + 0.000  0.003 +0.001 6.561 + 0.298
median pasture (95% CI) 0.08 (0.05-0.15) 7 (6-7)
Tropical moist forest ~ forest (n=3) 0.886 + 0.011 0.@10.003 0.115 + 0.001 0.091 + 0.003 1.103 £ 0.015 9.123380
28 (a) 0.117 0.000 0.141 + 0.0193 0.003 + 0.0012 0.261 9.623
28 (b) 0.019 0.000 0.188 + 0.0372 0.007 + 0.0041 0.213 9.674
42 0.020 0.000 0.157 + 0.0200 0.023 + 0.0130 0.200 9.553
>47 0.016 0.000 0.067 + 0.0314 0.000 + 0.0000 0.083 8.792
>69 0.000 0.000 0.102 + 0.0218 0.000 + 0.0000 0.102 8.439
mean pasture + SE 0.034 £ 0.021 0.000 + 0.000 0.131 @940. 0.007 + 0.004 0.172 +0.034 9.216 + 0.252
median pasture (95% CI) 0.16 (0.09-0.29) 9 (9-10)
Tropical wet forest forest (n=3) 1.131 +0.093 0.033.@¢10 0.060 + 0.002 0.230 = 0.043 1.454 £0.072 12.44619
2 0.415 0.020 0.243 + 0.0372 0.148 + 0.0372 0.826 17.541
8 0.035 0.005 0.077 + 0.0150 0.018 + 0.0076 0.135 15.956
16 0.015 0.003 0.038 + 0.0033 0.027 + 0.0139 0.082 15.945
18 0.068 0.002 0.159 + 0.0188 0.002 + 0.0007 0.231 14.919
35 0.060 0.004 0.163 + 0.0282 0.047 + 0.0234 0.274 14.933
>35 0.035 0.001 0.050 + 0.0068 0.005 * 0.0048 0.090 14.656
mean pasture + SE043 + 0.0090.003 +0.001 0.097* + 0.004* 0.019* + 0.008* 0.162 +0.038* 15.282 207*
median pasture (95% CI) 0.14 (0.08-0.27)* 15 (5-17)*
Tropical Premontane  forest (n=2) 0.928 + 0.003 0.089024 0.072 £ 0.006 0.130 + 0.031 1.189 £+ 0.059 14.9177834
wet forest-warm 15 0.366 0.171 0.212 + 0.0228 0.136 + M083 0.886 19.714
20 0.000 0.000 0.177 + 0.0227 0.007 + 0.0050 0.184 16.896
26 0.139 0.004 0.234 + 0.0208 0.073 + 0.0214 0.451 16.995
40 0.712 0.000 0.098 + 0.0078 0.014 + 0.0084 0.824 19.331
50 0.003 0.000 0.230 + 0.0431 0.000 * 0.0000 0.234 17.012
mean pasture + SE 0.244 + 0.169035 + 0.03 0.191 + 0.006 0.046 + 0.026  0.516 +0.146 17.990 + 0.629
median pasture (95% CI) 0.43 (0.23-0.78) 18 (14-19) a
Tropical Premontane  forest (n=3) 1.215 + 0.026 000011 0.120 * 0.019 0.227 + 0.017 1.631 +£0.021 17.5867%4
rain forest 1 0.371 0.079 0.147 + 0.0119 0.233 + 0.0673 0.830 25.081
10 0.346 0.019 0.122 + 0.0206 0.200 + 0.0552 0.686 18.165
25 0.490 0.056 0.132 + 0.0140 0.099 + 0.0416 0.778 18.497
45 0.073 0.009 0.086 + 0.0099 0.086 + 0.0506 0.254 19.508
70 0.000 0.000 0.044 + 0.0059 0.002 + 0.0013 0.046 21.939
mean pasture £ SE277 +0.1150.021 +0.012 0.106* + 0.002* 0.097* * 0.041* 0.441 +0.174* 19.527 863*
median pasture (95% CI) 0.28 (0.14-0.55)* 19 (18-21)* ab
Tropical Lower forest (n=2) 1.579 +0.039 0.020 &®4 0.145 + 0.022 0.201 = 0.017 1.945 + 0.064 22.768 £38.01
Montane rain forest 16 0.075 0.017 0.199 + 0.0195 0.029 @2@8 0.321 24.136
28 0.036 0.008 0.241 + 0.0261 0.025 + 0.0105 0.310 25.422
32 0.036 0.027 0.081 + 0.0075 0.019 + 0.0117 0.163 20.263
48 0.131 0.002 0.124 + 0.0176 0.021 + 0.0138 0.278 19.623
54 0.071 0.006 0.155 + 0.0169 0.077 * 0.0689 0.309 22.033
mean pasture + SE 0.070 £ 0.017 0.012 +0.005 0.160 @30. 0.034 + 0.011  0.276 £ 0.029 22.296 +1.107
median pasture (95% CI) 0.27 (0.15-0.49) 22 (21-24) b

Labels (a) and (b) were used to distinguish betvtaerpastures with the same age within one lifeezon
**Young pastures (1 and 2 years old) were not ideliliin calculations of mean and SE and median (95%
confidence interval). Median ecosystem N stocksastures by life zone followed by the same letter a
similar to one another; median not followed bytteleindicates median for this life zone is differérom

all other life zonesRagjustea< 0.1).



Table 3.4. Results for comparisons of regressimgsliwhen testing for: (1) interactions betweenzdaes and age, (2) age effect, and
(3) life zone effect for various response varialhegasture$8 years in Costa Rica.

Response variable

(1) Age x Life zone

(2) Age

(3) ibme

Ln(aboveground C)
Ln(aboveground N)
Ln(ecosystem C)
Ln(ecosystem N)
A Aboveground C
A Aboveground N

RelativeA aboveground C
RelativeA aboveground N

A Ecosystem C

A Ecosystem N
RelativeA ecosystem C
RelativeA ecosystem N
C:N ratio grass/litter
%C grass/litter

%N grass/litter

Fs17=2.29,P = 0.09
Fs17= 2.51,P =0.07
Fs.7=0.44,P = 0.82
Fs17=2.20,P =0.10
Fs.,=1.07,P = 0.41
Fs17= 1.40,P =0.28
Fs.,=0.53,P =0.75
Fs.7= 0.85,P =0.53
Fs17=0.61,P = 0.69
Fs.7 2.33,P =0.09
Fs.,=0.40,P =0.84
Fsi7= 2.42,P =0.08
Fs14= 1.70,P = 0.20
Fs.7 0.69,P = 0.64
Fs14=0.97,P = 0.47

inappropriate test
inappropriate test
F12,,=10.98P <0.01
Fi1,=1.68P =0.21
F12,=3.09,P =0.09
F1.,=4.56,P =0.04
Fi12=2.26P =0.15
F1.,=3.58,P =0.07
F12,=3.61,P =0.07
inappropriate test
F12,=4.46,P =0.05
inappropriate test
F110=2.61,P =0.12
F110=0.01,P =0.94
F110=0.55P =0.47

*

inappropriate test
inappropriate test
Fs.,=109.84P <0.01
Fs.3=158.60P <0.01
Fs2,=24.13P <0.01
Fs.,=23.73P <0.01
Fs.3=2.84P =0.04
Fs.,,=3.82,P =0.01
Fs2,=25.22P <0.01
inappropriate test
Fs.,=11.68P <0.01
inappropriate test
Fs20=11.95P <0.01
Fs20=0.80,P =0.56
Fs20=7.98P <0.01

* We detected an age effect usihgi.a <0.1, and therefore, we accounted for the agetdfietest 3.

¥6
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Table 3.5. Absolute and relativeaboveground C and N stock estimates in six pasture
chronosequences in Costa Rica and mean + SE essifoalife zones.

Pasture A Aboveground C stock A Aboveground C stock
Life zone age (yrs) total (Mg C/ha) relative (%) total (Mg N/ha) ralat(%)
Tropical 29 -82.1 -95 -0.70 -91
dry forest 43 -81.6 -95 -0.69 -89
62 -79.1 -92 -0.65 -85
>75 (a)* -81.9 -95 -0.68 -89
>75 (b)* -83.6 -97 -0.70 -91
mean difference + SE -81.7+ 073 a -95% 08 a -069+ 0.01 ad -89+ 12 b
Tropical 28 (a)* -104.9 -84 -0.84 -76
moist forest 28 (b)* -115.1 -92 -0.89 -81
42 -115.9 -93 -0.90 -82
>47 -121.0 -97 -1.02 -92
>69 -122.2 -98 -1.00 -91
mean difference + SE -115.8+ 3.06 ab -93+ 24 ab -0.93 13 0ab 84+ 31 b
Tropical 2 -93.3 -50 -0.63 -43
wet forest 8 -177.1 -94 -1.32 -91
16 -180.5 -96 -1.37 -94
18 -171.5 -91 -1.22 -84
35 -167.1 -89 -1.18 -81
>35 -179.4 -96 -1.36 -94
mean difference + SE** -175.1+ 254 ¢ -93+ 14 a -1.29 £40.6 -89+ 26 b
Tropical 15 -44.0 -30 -0.30 -25
Premontane 20 -138.2 -95 -1.00 -85
wet forest 26 -108.1 -75 -0.74 -62
transition to 40 -34.1 -24 -0.36 -31
basal 50 -137.4 -95 -0.95 -80
mean difference + SE 924+ 2247 a -64+ 155 0b -0.67 £ 0al5 57+ 123 a
Tropical 1 -109.1 -51 -0.80 -49
Premontane 10 -131.0 -62 -0.94 -58
rain forest 25 -113.6 -54 -0.85 -52
45 -186.0 -88 -1.38 -84
70 -210.5 -99 -1.59 -97
mean difference + SE** -160.3 + 22.75 bc -76 + 10.7 ab -1419.17 be -73+ 10.7 ab
Tropical 16 -229.4 -91 -1.62 -84
Lower Montan 28 -233.8 -93 -1.64 -84
rain forest 32 -237.3 -94 -1.78 -92
48 -224.1 -89 -1.67 -86
54 -228.4 -91 -1.64 -84
mean difference + SE -230.6 + 2.28 -92+ 0.9 ab -1.67 + 0.03 86+ 15 b

*Labels (a) and (b) were used to distinguish betweerpastures with the same age within one life
zone.

**Young pastures (1 and 2 years old) were not ideliiin calculations of mean and SE.

Pasture means by life zone followed by the santerlate similar to one another; means not followed
by a letter indicates mean for this life zone f$edent from all other life zone${gjseq< 0.1).



96

Table 3.6. Absolute and relativeecosystem C and N stock estimates in six pasture
chronosequences in Costa Rica and mean + SE essifoalife zones.

Pasture A Ecosystem C stock A Ecosystem N stock
Life zone age (yrs) total (Mg C/ha) relative (%) toslg N/ha)  relative (%)
Tropical 29 -111.8 -57 -3.19 -32
dry forest 43 -117.2 -59 -2.79 -28
62 -116.3 -59 -3.33 -33
>75 (a)* -117.6 -59 -3.16 -32
>75 (b)* -124.3 -63 -4.54 -46
mean + SE -1175+ 2.0 ab 59+ 1.0 a -3.40 + 0.3 -34+ 3.0
Tropical 28 (a)* -97.2 -48 0.46 5
moist forest 28 (b)* -103.7 -51 0.51 6
42 -107.5 -53 0.39 4
>47 -114.7 -56 -0.38 -4
>69 -127.9 -63 -0.73 -8
mean + SE -1102+ 53 b 54+ 26 a 0.05+ 0.3 1+ 28
Tropical 2 25.8 8 4.92 39
wet forest 8 -100.7 -32 3.34 26
16 -117.7 -37 3.33 26
18 -108.0 -34 2.30 18
35 -124.9 -40 231 18
>35 -125.7 -40 2.04 16
mean + SE** -1154 + 48 b -37 £ 15 ab 2.66 + 0.3 21+ 2.2
Tropical 15 9.0 3 5.17 36
Premontane 20 -101.7 -33 2.35 16
wet forest- 26 -52.8 -17 2.45 17
warm 40 2.8 1 4.79 33
50 -103.7 -34 2.47 17
mean + SE -49.3+ 243 a -16 £ 7.9 3.45+ 0.6 24 + 4.3
Tropical 1 -10.6 -3 7.48 43
Premontane 10 -110.9 -27 0.56 3
rain forest 25 -103.9 -25 0.90 5
45 -149.9 -36 1.91 11
70 -177.1 -43 4.34 25
mean + SE** -1354 + 172 b 33+ 41 b 193+ 0.9 11+ 438
Tropical 16 -236.9 -45 1.46 6
lower montane 28 -202.2 -39 2.75 12
rain forest 32 -259.2 -50 -2.41 -11
48 -257.0 -49 -3.05 -13
54 -234.5 -45 -0.64 -3
mean difference + SE -238.0 £+ 10.3 -46 £ 2.0 ab -0.38+ 1.1 +-2.9

*Labels (a) and (b) were used to distinguish betweerpastures with the same age within one life

zone.

**Young pastures (1 and 2 years old) were not ideliiin calculations of mean and SE.

Pasture means fdx ecosystem C stocks by life zone followed by theeséetter are similar to one
another; means not followed by a label indicateamrfer this life zone is different from all othdfiel
zones Pagjusted< 0.1).
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CHAPTER 4

LIFE ZONE BASED ESTIMATES OF ECOSYSTEM C STOCK CH&ES DUE
TO FOREST-TO-AGRICULTURAL CONVERSION IN COSTA RICA
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Abstract

Conversion of tropical forest to agriculture hasibestimated to contribute ~20% of
the global carbon (C) emissions. Global and papited C flux estimates assume C is
lost from both vegetation and soils due to coneersind that the amount of C stored
in agricultural lands is fairly uniform across tiepics. If C stocks in agricultural
lands are not homogenous and if soil C does naydwlecrease following
conversion, then global C stock and flux estimatay contain large errors given that
agricultural lands comprise 40% to 50% of the warldnd area. Our objectives were
to determine: (1) if ecosystem C stocks and nengbs due to forest-to-agricultural
conversion differ among agricultural land use tyjpe€osta Rica; (2) how life zones
affect estimates of ecosystem C stocks and negesantue to forest-to-agricultural
conversion in Costa Rica, and (3) if using life e@pecific estimates reduces
potential biases and uncertainty of regional amdajl C flux estimates for forest-to-
agricultural conversions. We sampled 62 agricultsitas in Costa Rica stratified by
land use and life zone and compared them to métuest data. Ecosystem C stocks
varied more by life zone than by land use. On ay&raboveground (-86% + 2%) and
ecosystem (-38% = 3%) C stocks decreased, an€stdcks increased (10% + 5%)
due to forest-to-agricultural conversion. Soil Gcétchanges due to conversion were
highly variable and increased or decreased depgmahirthe site. Our Costa Rican
agricultural ecosystem C stock estimates were @dotater and our estimates of
ecosystem C changes due to forest-to-agricultamersions were 8-19% less than
the Intergovernmental Panel on Climate Change-eedogstimates. Applying the
19% overestimate at a global scale would reduceshmated annual global C flux
due to land use change by 0.4 Pg Clyear. Highadpsatil variability, potential
inadequate reference mature forests, and the wifferent sampling tools to estimate
soil bulk density in mature forests and agricultlaads contributed to uncertainties in
our estimates of ecosystem C and N stock changesodorest-to-agricultural

conversion. Our results suggest that incorporatargability among life zones in
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estimates of ecosystem C stocks and changes doaversion is more important than
incorporating agricultural land use types whennesting ecosystem C stocks in

tropical agricultural landscapes at regional scales
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Chapter 4 Life zone based estimates of ecosystem C stock changes dueto forest-

to-agricultural conversion at the scale of Costa Rica

4.1 Introduction

Estimates of carbon (C) emissions from land useg@hén the tropics range from 0.5-
3.0 Pg Clyear and this flux is the largest uncetyain the global C budget (Denman
et al. 2007, Houghton 2007). Despite the fact digaiculture is the most abundant
land use in the tropics, estimates of ecosysteto€ks are not well documented in
these systems. C stock and flux estimates canrmdmyed at three different scales:
local, regional, and global. The IntergovernmeR@hel on Climate Change (IPCC)-
endorsed estimates (Denman et al. 2007) from Hougl2003) summed nine C flux
estimates from different regions to calculate gldb#luxes. They tracked, with an
annual time step, changes in aboveground and bebong C in different ecosystems
following changes in land use. The estimate forrLAmerica includes conversions
from mature forest to pasture, cropland, shiftintjication, logged forest, and forest
plantation (Houghton and Hackler 2001). Land arnedbis region were divided into
regional vegetation types to determine C stocldisturbed and undisturbed
vegetation (Houghton and Hackler 2001). For eant lese conversion they assumed
that C fluxes were similar within each of the regibvegetation types. All of Costa
Rica was classified as Tropical seasonal foresufiiton et al. 1991), yet, Costa Rica
contains 23 different life zonesefsu Holdridge 1947) including transition life zones
(Bolafios and Watson 1993). Life zones can profyuaifiect net C stock changes
due to conversion (Chapters 2 and 3) and ignorfegbne differences could
substantially bias estimates of C emissions owgioral or even global scales.

Efforts to reduce the uncertainty in C flux modedse focused on improving
estimates of deforestation rates and C stocks pr@séne original forests (Achard et
al. 2004, Houghton 2005). Fewer efforts have fodusethe uncertainties in C stocks

of the agricultural lands to which most forests eveonverted. We investigated C
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stocks in agricultural lands and compared themadtune forests within the dominant
life zones and land uses in Costa Rica.

In 2002, pastures made up about 46% of Costa R&@ (2008) and 70% of
world’s agricultural lands (Smith et al. 2007), aaré therefore, the single most
important agricultural land use. In 2002, banamabcffee beans were the most
important agricultural exports for Costa Rica atahgations for these products
covered about 1% and 2% of Costa Rica, respectisalyarcane plantations covered
about 1% (FAO 2008). Rice paddies and oil palm tal@éons (not covered in our
study) also cover about 1% of Costa Rica eachadrather crops were less abundant
(FAO 2008).

Our objectives were to: (1) quantify ecosystemdclst in the major Costa
Rican cropland types, (2) quantify net changesosgstem C stocks due to forest-to-
cropland conversion, (3) determine how ecosystesto€ks and associated net
changes varied by land use and life zone, anddirehine how life zones based
estimates affect estimates of C stocks and theingbs due to forest-to-agricultural
conversion at the scale of Costa Rica. Our reseaashdriven by the following
research questions: (1) How do ecosystem C stouksheir net changes due to
forest-to-agricultural conversion differ among |lfene and agricultural land use type
in Costa Rica?; and (2) Can the use of life zoedsice potential biases and
uncertainty of regional and global C flux estimdtasforest-to-agricultural

conversions?

4.2 Methods

4.2.1 Study areas

Our research was conducted in Costa Rica becahas @n extremely high biotic and

physical diversity in a relatively small area (3101knt). Costa Rica is bordered by

the Atlantic and the Pacific oceans, and is diggEby volcanic mountain ranges from
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northwest to southeast. Mean annual precipitatmges from 1512-5126 mm/year
and mean annual temperature ranges from 16.8°27a8nong agricultural lands we
sampled (Table 2.1 and Appendix 33). Methods faomeding climate variables were
described Chapters 2 and 3. There are 23 difféifergones in Costa Rica including
11 transition life zones (Bolafios and Watson 1998jnsition life zones are

transitions between two major life zones, simitaetotones.

4.2.2 Site selection

We sampled 62 agricultural sites, including foufedtent land use types (pastures,
banana, coffee, and sugarcane plantations). Qatsieiresr{ = 29) were sampled in
chronosequences of pasture afeyears (i.e., time since deforestation) within six
dominant life zones of Costa Rica covering a lageatic gradient (Table 2.1). The
location for each chronosequence was chosen fairpity to mature forest sites from
a companion study (Kauffman et al. unpublished)datanfer impacts of forest-to-
pasture conversion in each life zone (Chaptersd23anWe sampled banama% 11),
coffee o= 10) and sugarcane plantations=(10) across a rainfall gradient in life
zones where they are common land uses (AppendixT8&)coffee plantations
included four sun-grown, four shade-grown, and ywong organic plantations.
Sugarcane plantations represented various hangsigement scenarios (e.g., harvest
with or without the use of fire). More details oaspure management and land use

duration are described in Chapter 2.

4.2.3 Aboveground vegetation and soil sampling and analyses

Our ecosystem C stock estimates were the sumaifaboveground C stocks and 0-1
m soil C stocks. Generally, we assumed that tHeréifices in C stocks between
agricultural lands and mature forests@ stocks) were due to the conversions from

forest-to-agriculture. Root biomass was not estthator included in our ecosystem
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stock estimates. However, we did not exclude fowts from soil samples. Live

fences (containing trees) were present in or ar@ande of the agricultural lands and
these fences were not included in the C stock estisn There were no trees in banana
and sugarcane plantations. Trees were presensiarpa and most coffee plantations
and were included in C stock estimates.

Methods used to sample, calculate and analyze sisps\C stocks in pastures
were described in Chapter 2 and 3. In coffee ptenmts, height and diameter at breast
height (dbh) of all trees >10 cm dbh were measuré&b- x 50-m macro plots
(Appendix 34). We measured all trees <5 m in heigtit a meter stick, and estimated
height of trees >5 m with an inclinometer. The mafssmaller (<10 cm dbh) trees,
palms, vines, dead snags, and stumps 0-10 cm dighmesasured within nested
subplots at each sampled site (Appendix 34). Tneme identified afordia
alliodora, Eucalyptus deglupta, Erythrina poeppigiana, Inga spp, or labeled ‘other
species’. We estimated tree biomassHigthrina poeppigiana and other species with
the biomass equation for trees in pastures andapyiforests (Table 3.1). The
biomass equations f@ordia alliodora, Eucalyptus deglupta, andinga spp.were
from studies in coffee plantations in Nicaraguag{8a et al. 2006) anBucalyptus
saligna plantations mixed witi\lbizia in Hawaii (Kaye et al. 2000) (Table 4.1).

We measured coffee plants in 10-m sections of ddterent coffee plant rows
at random locations in each of the 25- x 50-m matots (Appendix 34). We counted
the number of plants in these four sections ancutatied the number of plants per
hectare using equation 4.1 (Table 4.1). For cgffaatations El Rodeo and Juan
Vinas 1 and 2, we measured both the maximum heghplant and the stem diameter
at 15 cm above the ground for all stems of eachtpla the other plantations we
measured the height of all coffee plant stems. Bis1of the coffee plants were
calculated using equations 4.2 or 4.3 (Table 4.1).

We destructively sampled standing sugarcane bioma&sicro plots that
were 1 m x the width of a sugarcane row. These Emmypere taken immediately prior

to harvest. We weighed the fresh sugarcane in thermlots in the field. Subsamples
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(divided into stem, brown, and green leaves) ohstane were oven-dried for 3 days
at 65°C to determine dry weight. We calculated the abomagd biomass in
sugarcane plantations by averaging the sugarcanealss at harvest and surface layer
biomass after harvest.

We used estimates of mean annual number of barants per hectare made
by plantation managers for our sites in bananatalems. We assumed the mean
biomass of each banana plant was 7.36 kg orgartenfgamaguchi and Araki
2004), and calculated aboveground banana biomassiliyplying the number of
plants per hectare by 7.36 kg.

No downed wood was present in banana and sugaptam@tions, which may
be due to its removal before the crops were itytiglanted. In one banana plantation
we encountered a large piece of remnant downed ywmddjiven the rarity of this
material in banana plantations, its biomass wasnotided in the aboveground
biomass estimate. We calculated biomass of woolyigian coffee plantations using
planar intersect techniques (Van Wagner 1968, BramthRoussopoulous 1974) by
recording measurements along 16, 15-m samplingplatratified throughout each
25- x 50-m macroplot in a manner as described dawred wood in pastures (Chapter
3). The mean specific gravity of downed wood infeefplantations was assumed to
be 0.4, 0.35, and 0.3 gfiior 2.5-7.5 cm in diameter (d),*7.5 cm sound, and 7.5
cm rotten classes, respectively.

The surface layers in banana, coffee, and suganantations were
destructively sampled using methods developeddi@st and pasture surface layers
(Chapter 3). In banana plantations, we increasedniroplot size to 1- x 1-m due to
the large size of leaves. We sampled the surfae la sugarcane plantations directly
after harvest.

We calculated C stocks of the vegetation (coffeets, trees, sugarcane,
banana plants, surface layer) by multiplying vey@tabiomass estimates by the
average C concentration. Samples from the stem¢hes and leaves of four random

coffee plants (from four different plantations) wemalyzed to determine total C
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concentration. We assumed the average C concemtffati trees in coffee plantations
was the same as for individual trees in Costa Risature forests (Kauffman et al.
unpublished data). We analyzed samples of the sagarstems, and brown, and green
leaves from nine sugarcane plantations for totab@entration. We calculated the
average C concentration for a whole sugarcane Byatkultiplying the C

concentration with the relative weight of the thoame stalk components. We
collected samples of banana plant pseudostem amdddrom three different banana
plantations to determine total C concentrationsllicoffee plantations, seven banana
plantations, and four sugarcane plantations weyaedlthe surface layer to determine
average total C concentration. All total C concatidn analyses were conducted by
induction furnace method (Nelson and Summers 1996).

In coffee plantations, we collected 1-m deep smiks along plot edges, at 0,
25, and 50 m along one edge and 0 and 25 m alengthier edge. In the other land
uses, soil samples were taken at similar locatsoim @astures (Chapter 2, Appendix
34). Soil bulk density, soil C concentration and € stocks methods were the same
as described in Chapter 2.

Most mature forests that served as referencetfofessthe agricultural lands
were sampled using other gouge augers (tool A [AdiEcore sampler with slide
hammer and a retaining liner]: voluraet8.7 cni, diameter core head = 5.08 c¢m ; tool
B [JMC 51-792-8285]: volume = 23.7 énwidth between vertical cutting edges =
3.45 cm) than the gouge auger used to sample #graiusoils (tool C [gouge auger
for hard soils made by Eijkelkamp]: volume = 13%cmidth between vertical cutting
edges = 2.4 cm). Three reference forests were samypth the same gouge auger as
the one used to sample agricultural soils (tool C).

We used the relationship between soil bulk deresity % soil C (Périé and
Ouimet 2008) to investigate the impacts of theeddht sampling tools on the soil
bulk density estimates, assuming that our samphiathods did not influence our %
soil C estimates. We made scatter plots of theioglship between all soil bulk

density and % soil C estimates stratified by tooldll mature forest data from
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Kauffman et al. (unpublished) (Appendix 5). We cédted different regression lines
for each mature forest data set sampled with arifit tool (Appendix 5). If the
regression equations were different for each sarmgpbol then there may have been a
sampling tool bias, although, other factors thay imave influenced the regression line
could not be excluded.

We standardized all soil bulk density estimatesdigulating soil bulk density
estimates of all mature reference forests sampigdtaols A and B with the
regression equation based on mature forest datpledmith tool C (Appendix 5).
These adjusted forest soil bulk density estimate®wsed to calculate adjusted (
soil and ecosystem C and N stocks in forests aridudigiral lands. In this dissertation
we specifically state if estimates were adjustedliarall other cases statements refer
to our original estimates.

We calculated Pearson coefficients of correlatiyriq determine the
relationship between climate and response variablgs to uneven sample sizes per
life zone and land use, and differences in landnisteries we did not conduct
analysis of variance or multiple comparisons to tesdifferences among life zones

and land uses.

4.2.4 Calculationsto scaleup from sitesto Costa Rica

To determine the impact of life zone-specific esties of ecosystem C stocks and
their changes due to conversion at the scale dfadRisa, we compared modeled
estimates using our data for eight life zones witideled estimates using Houghton’s
(2003) assumptions. We estimated the agricultaral breas by life zone in Costa
Rica, by assuming that all non-forest cover wasl @seagricultural land (Table 4.2).
Forest cover by life zone was obtained by overlgyire most recent forest cover
(Calvo-Alvarado and Sanchez Azofeifa 2006) andHbklridge life zone (Bolafios
and Watson 1993) maps for Costa Rica in a Geogrdpfarmation System (Vicente

Watson, Tropical Science Center, Costa Rica, Ma€f)}8). Houghton and Hackler
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(2001) applied different estimates for pastures@oglands; therefore, we also
distinguished between these two land use typesarmmalysis. We assumed that in
each life zone 90% of all agricultural land wasduae pasture, and 10% as cropland,
except in three life zones for which we only hadt@cks estimates for one of the land
uses. Our estimates of land area by land use ita®isa were generally similar to
FAO (2008) estimates from the last decade. We pilidt area of pasture and
cropland per life zone in Costa Rica by meah stock estimates for all pastures and
croplands based on our data and Houghton’s (20G3)lé¢ 4.2). For mean estimates
based on our pasture data we only included past@rgears because we only
sampled younger pastures for two life zones. Famestimates based on Houghton
(2003) we used estimates for pastures and cropMhgsar after conversion
(Houghton and Hackler 2001). Houghton and Hacklg&@01) “aboveground” C

stock estimates include root biomass, which meanexpect our aboveground and
ecosystem C stocks estimates to be more consezyatid our estimates Af
aboveground and ecosystem C stocks (differencedestwgricultural lands and
mature forests) to be higher. Due to potentialdsas our data set associated with
inadequate reference mature forests, we adjusteestimates oA C stocks for our
country-scale estimates as described in sectioB.4/8e conducted a sensitivity
analysis to determine the impact of these charmegdlude our potential biases and

outliers for the country-scale estimates.

4.3 Results and discussion

4.3.1 C stocksin agricultural sites

Ecosystem C stocks varied more by life zone thalabg use (Figure 4.1) with
estimates ranging from 61-655 Mg C/ha among aksiDifferences in ecosystem C

stocks among life zones were dependent on the eedmimatic difference among

life zones (Table 2.1 and Appendix 33). The ranfgecosystem C stocks among
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agricultural land use types overlapped with eatleioand variability was high within
pastures, sugarcane and coffee plantations (FiyareAppendix 35). Mean soil C
stocks and associated variability were greateftaniropical Premontane wet forest
life zone (Figure 4.1). Generally for banana plaates, ecosystem C stocks were
lower compared to most other agricultural sitegiFe 4.1, Appendix 35). In addition,
the variability among life zones was low for thasitl use (Figure 4.1, Appendix 35),
probably because these banana plantations ocouritted relatively small
temperature, precipitation, and elevation rangegu(es 4.2, Appendix 33).
Ecosystem C stocks across all agricultural siteseased with mean annual
precipitation ( = 0.57,P < 0.01) and elevatiom £ 0.62,P < 0.01), and decreased
with mean annual temperature= -0.77,P < 0.01, Figure 4.2), which supports the
strong relationship between life zone and ecosy$iestocks in these sites, because
life zones are specific combinations of these thag@bles.

It is possible that ecosystem C stocks were monédasi among land uses than
we reported because we excluded root biomass. Haweot biomass is often a
fraction of aboveground biomass (0.24 + 0.14, Gaginal. 1997, 0.19-0.48, Dossa et
al. 2008). Our average aboveground vegetation egaicultural lands comprised only
a small fraction of ecosystem C stocks (mean +05E+ 0.01) compared to soil C
stocks. Therefore, we would not expect our maidifigs to change substantially if we
had included root biomass.

Where comparative data were available, our abowegrand ecosystem C
stocks estimates were consistent with findingstiveostudies. Published data on
aboveground and ecosystem C stocks in agricullamdls were less abundant than soill
C stock data especially for croplands. Our abowsgilaand ecosystem C stock data in
pastures were generally consistent with data delteelsewhere with the exception of
the high C stocks due to large remnant trees iresainour pastures (Chapter 3). Data
on soil C stocks in 0-30 cm soils in banana plaonatin the Sarapiqui area in Costa
Rica (Powers 2004) were similar to our estimated. G stocks up to 1-m depth in

two sugarcane plantation in Tropical Lower Mont&weiador (Rhoades et al. 2000)
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were in the same range as our study. Our abovedrGustocks in coffee plantations
were similar to findings in southern Costa Rical£Bb2004).

We found that remnant trees in pastures can inereessystem C stocks
substantially (Chapter 3), and the same may befdrueroplands that contain large
remnant trees. Our pastures with large remnang lmgst trees contained higher
aboveground C stocks than coffee plantations mixédtrees (Chapter 3, Table 3.2,
Table 4.3 and Appendix 35). However, this mightdiferent in countries where other
types of shaded coffee plantations are prevalemtekample, in Mexico the majority
of coffee plants are grown under natural foresecdioguel and Toledo 1999).
Therefore, those plantations might store more vadpmund (Peeters et al. 2003)
than we found in Costa Rica. Our shaded coffeetgiimms contained higher
aboveground C stocks than sun-grown plantationsgheuecosystem C stocks were
not always higher in shaded plantations due toGaitock differences (Table 4.3 and
Appendix 35).

4.3.2 C stocks changes dueto forest-to-agriculture conversion

We found that the change of aboveground, soil,eamdystem C stocks due to forest-
to-agricultural conversion differed by life zonadére 4.3). On average, aboveground
(-86 + 2%) and ecosystem (-38 £ 3%) C stocks dseakaand soil C stocks increased
(10 + 5%) due to forest-to-agricultural conversiéboveground and ecosystem C
stocks in agricultural lands were on average 147afd 131 + 12 Mg C/ha lower,
respectively, than mature forests while soil C lstowere 14 + 9 Mg C/ha higher than
mature forests. Soil C stocks corrected for compadffects in agricultural lands
increased with mature forest stocks=(0.66,P < 0.01; Figure 4.4b). The variability in
A soil C stocks increased with mature forest stqEkgure 4.4a). Estimates ranged
from -123 to 302 Mg C/ha and included both positinvel negative differences for all
land uses. Mean soil C stocks in croplands (13 £ 17 Mg C/ha) hduigher
uncertainty than meat soil C stocks in pastures years (15 + 7 Mg C/ha). This
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higher uncertainty in croplands may be due to higlaeation of land use
management among and within croplands compareddinges, and to higher

uncertainty in the adequacy of reference forests $or croplands versus pastures.

4.3.3 Uncertaintiesin our site-level estimates

Much of the uncertainty of our conversion dateeistted to the methodology and the
inherently high spatial variability in soil C stacKnterpretations from the space-for-
time substitutions in this study depend on the rmggion that the original forests at
our agricultural locations at the time of clearimgre in the same conditions as our
reference mature forests, and that ecosystem E&ssto¢hose forests were in a
“steady state” prior to deforestation. We carefsiyected our pasture sites to address
this issue, but there is evidence that initial chepof forests may have occurred
preferentially on forest soils with high initial €€ocks for our agricultural lands in the
Tropical wet and Premontane wet forest-warm lifeeo(Veldkamp et al. 1992,
Powers and Veldkamp 2005). For many of the cro@dhdre are no mature forests in
the same life zone or in the vicinity of these ¢aopls. In addition, cropland sites were
not primarily selected based on their proximitydéerence mature forest; rather we
sought to capture the climatic variation that eedsacross the important growing areas
for these crops in Costa Rica.

The selection of our reference forests sites foroooplands may have
introduced some biases into our study. Our firsépial bias was that we may have
overestimated positivé soil C stocks and underestimated negativaboveground C
stocks in banana plantations in the Tropical moisst life zone (Table 4.3, Figure
4.1). These banana plantations were located o@dhnébean side of the country,
which has higher year-round productivity due taeklof a distinct dry season
compared to the Pacific side, where the refereossts (and pastures) were located.
Instead of using these potential biased estimategxcluded\ C stocks for crops in

the Tropical moist forest life zone in our analysif\ C stocks at the scale of Costa
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Rica to minimize the effect of our potential biastbe comparison with Houghton and
Hackler’'s assumptions (Table 4.2).

A second potential bias is that our reference nedinests for sugarcane
plantations in the Tropical moist forest-warm tfene occurred in the Tropical dry
forest life zone, although, they were located witBikm of each other (Table 4.3,
Figure 4.1). However, these sugarcane and forest are not very different in
climatic terms. Another difference between thesgastane plantations and forests is
that the plantations are on a low terrace withmee#uvial soils, while the forest soils
are older (Vicente Watson personal communicatibajests that were replaced by
these sugarcane plantations may have had highsystem C stocks than their
reference forests. Therefore, negailveoil andA ecosystem C stocks may have been
overestimated and aboveground C stocks could have been underestinratbese
same sites. Therefore, we excluded this life zom four country-scale estimates of
A C stocks.

The two highest soil C stock estimates for cofflemations were potential
outliers and these coffee plantations probablyasgd forests with relatively high soil
C stocks compared to the reference forests we sahiphble 4.3, Figure 4.4).
Therefore A soil C stocks may have been overestimated foetbiéss. Relatively
high C stocks in forest soils usually coincidegwhitgh aboveground C stocks
(Kauffman et al. unpublished data), which woulditade thatA aboveground C
stocks may have been underestimated at these@iiea.ecosystem C stock
estimates may be more robust tlasoil andA aboveground stocks because of the
opposite direction of bias in thesoil andA aboveground stock estimates. To account
for this potential bias, we excluded these two@efblantations when estimating mean
A C stocks in croplands in the Tropical Premontaeefarest life zone (Table 4.2).

Sampling tool bias may have occurred because wedifferent soil gouge
augers to take soil bulk density samples in mdunests than agricultural lands. Our
soil bulk density sample volume for tools B and €&®&low compared to other studies
(96.1-656.5 cm3, Constantini 1995; 300°cieldkamp 1994; 50-270 cinFolegatti
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2001). Regression equations relating soil bulk temgth % soil C for the different
mature forest data sets sampled with differentst@appendix 5) indicated that soil
bulk density estimates sampled with tool B weratreély low compared to estimates
sampled with tools A and C. The impacts of adjusm@itibulk density estimates on
pasture data were described in Chapters 2 ande3adjastment of forest soil bulk
density estimates generally increased (correctatiasd ecosystem C stock estimates
in croplands and reference mature forests (Apped@)xThe adjusted soil andA
ecosystem C stock estimates in croplands were erage 5 Mg C/ha lower than our
original estimates. Nevertheless, individual adjdststimates were between 67 Mg
C/ha lower and 122 Mg C/ha higher than our origestimates (Table 4.3, Appendix
36). The adjusted estimates may have excluded sagrtpbl bias, but it has
introduced an uncertainty because adjusted sdi demsities are based on a
regression equation instead of actual measurements.

Most other studies reporting impacts of forestgoi@iltural conversion on
soil C stocks have also used space-for-time metbhgas (Guo and Gifford 2002,
Murty et al. 2002). Our pasture results were sinastudies covering sites across the
globe. Murty et al (2002) found on average no clkangsoil C stocks due to forest-to-
pasture conversion while soil C stocks decreasaéacoeased depending on the site,
and Guo and Gifford (2002) reported an averager@¥ease in soil C stocks.
Contrary to our study, Guo and Gifford (2002) foundaverage 42% loss, and Murty
et al. (2002) reported a 30% loss in soil C stalkes to forest-to-crop conversion.
However, in addition to the differences in the gapdical ranges, the majority of the
studies in these reviews contained only data osditg(Guo and Gifford 2002, Murty
et al. 2002), which could explain the differencatwur results. For some of our life
zonesA soil C stocks changed signs when comparing 0-3@ cwil C stocks to 0-1

m A soil C stocks in pastures (Chapter 2).
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4.3.4 Implicationsfor Costa Rican and global C stocks and fluxes

Despite the limitations and potential biases insiudy, our results provided insights
about uncertainties in the impacts of land use gaam C stocks. Until better data are
available we suggest that some of the assumptiaate oy Houghton (2003) and
others be revised. One of their model assumpt®iisat soil C stocks always decrease
after forest-to-agricultural conversion. Our data &vo global reviews (Guo and
Gifford, Murty et al. 2002) suggest that in the moases, soil C increases, especially
in forest-to-pastures conversion. There is evidenm@air study and Guo and Gifford’s
(2002) thatA soil C stocks is related to climate. Hence, theeatainty in the model
assumption about soil C stocks can be tied to another assumptieteCks and their
changes are similar throughout most of the tropfesiation in C stocks in mature
(Kauffman et al. unpublished) and secondary fai@gtientes 2008) and agricultural
lands (this study) in Costa Rica are related tactimeate variability within the tropics.
Therefore, we suggest modeling C stocks and th@inges by life zone (a bioclimatic
classification system).

We modeled C stock estimates and their change$etgone and compared
those estimates with modeled estimates based oghttmuand Hackler (2001) for the
eight life zones sampled in our study. When ecesy<T stocks for all pastures and
croplands were averaged and multiplied by the kEmed of pasture and cropland per
life zone in Costa Rica, our ecosystem C stockregts are twice those when
Houghton & Hackler’s (2001) assumptions are applAgapendix 37). Our soil C
stock estimates would also be twice those when Rimng& Hackler’s (2001)
assumptions are applied (Appendix 38), becauseCssibcks made up the majority of
ecosystem C stocks. Furthermore, ecosystem C stbekgyes due to conversion were
1.2 times lower, and soil C stock changes 3.4 tilowsr using our assumptions
compared to Houghton & Hackler’s (2001) assumpti@sendices 39 and 40). This
potentially leads to an overestimate of 48 Tg Cféoest-to-agriculture conversion

effects from seven life zones in Costa Rica usingghton and Hackler (2001)
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assumptions (Figure 4.5). Applying this overestioratactor to larger scales and
assuming C stocks in other forests and agricultarals were similar to our study, the
overestimate would be 4 Pg C for all 1,520,006 kwpical seasonal forest cleared in
Latin America between 1850 and 1990 (Houghton aackiér 2001) and 20 Pg C for
all 7,300,000 krfitropical forest cleared globally for agriculturalrposes over the
same time period (Houghton 1999). Houghton (2088jmaited that the global C flux
was 2.2 Pgl/year, assuming a 19% overestimate eqiease0.4 Pg/year overestimate
compared to our more conservative estimate. Bedhises a substantial
overestimate, we suggest including life zone infetmodeling efforts.

Sensitivity analysis indicated that potential baand outliers in our data set
can change our results. Our results changed suiagiyaavhen we usea soil and
ecosystem C stock estimates adjusted for potdanthbias (Appendix 41). Tha
ecosystem C stock estimate for our study at thie @¢all seven life zones in Costa
Rica decreased from -48 Tg C (Figure 4.5) to -1€Twvhich indicated a 8% instead
of a 19% overestimate. Our results did not substiinthange when we used our
likely overestimated soil stocks for banana plantations in the Tropmalst forest
life zone compared to the exclusion of croplandis life zone. However, our results
did change when we included the two exceptionai higoil C stocks estimates of
two coffee plantations in the Tropical Premontarm ferest life zone. Tha
ecosystem C stock estimate for our study at thie e¢aall seven life zones in Costa
Rica increased from -48 Tg C (Figure 4.5) to -59CT¢gVe documented highly
variable soil C stock estimates (especially in tangs), and therefore, we expect that
exclusion of other individual sites may change r@sults as well. We therefore
suggest that future research efforts be directedrs reduction of uncertainties in
soil C stocks and their changes due to land useersion.

We found strong evidence that ecosystem C stoc&gncultural lands differ
by life zone, but our results did not show thatsysstem C stocks differed widely by
agricultural land use. One approach for reducingetainty in global C flux estimates

would be to use remote sensing to stratify thedaade by land use type, but our
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study suggests that it is more important to sirdtif life zone than agricultural land

use type.
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Table 4.1. Equations to determine number of cgbfaat and tree biomass, and their literature refsgs and model statistics.

Component Equation # Equations n °R MSE Reference
Number of coffee plants/ha 4.1 p/40*100*100/s is™tudy
Coffee plant 4.2 10 1181 +1.991 *log (55) 96 093  0.03 Segura et al. 2006
4.3 10°0-779+2338*log(N) 96  0.82  0.07 Segura et al. 2006
Trees in coffee plantations:
Inga (punctata) 4.4 10°0-259 +2.067 *log (dbh) - 7 0.97 0.02 Segura et al. 2006
Cordia alliodora 4.5 10°0-795+2.072*log (dbh) 10 0.95  0.01 Segura et al. 2006
Eucalyptus (Saligna)
Wood 4.6 0.0062 * dbR>178 35  0.997 Kaye et al. 2000
Crown 4.7 0.0082 * db20%° 35  0.997 Kaye et al. 2000

n = sample size, & adjusted coefficient of determination, MSE = meguared error, p = number of plants measured im 40
coffee plant row length, s = spacing between cqgffaat rows (m), g = stem diameter at 15 cm above ground, dbh =
diameter at breast height in cm (1.3 m height algyeand), h = height in m.

[4A)



Table 4.2. Estimates of agricultural land areasgstem and soil C stock estimates and their chajgehie to forest-to-
agriculture conversion for the eight life zones phad in our study.

ha Mg C/ha
Area Pasture> 8 years Cropland

Non-forested C stock A C stock C stock A C stock
Life zone Costa Rica  in 2005 Pasture* Croplandcosystem  Sdicosyster S&itosystem  SoilEcosystenvil S
Tropical dry forest 116,140 69,853 69,853 0 80 76 -117 -34
Tropical moist forest *** 714,962 451,953 406,758 45,195 94 84 -110 6 142 134 rkx
Tropical wet forest 832,934 356,948 321,253 35,695 200 188 -11562 134 125 -182 -3
Premontane moist forest-warm** 471,897 291,098 261,988 29,11 80 76 *k *x 153 133 *x *x
Premontane wet forest-warm 706,880 488,898 440,009 48,890 25704 2 -49 42 157 148 -172 -43
Premontane wet forest **** 429,002 296,013 0 296,013 312 289 -194 -14
Premontane rain forest 437,216 112,508 101,257 11,251 281 229 -1385 235 220 -182 16
Lower Montane rain forest 334,869 27,046 27,046 0 283 262 -238 -9
Total included for C stocks 4,043,900 2,094,318 1,628,164 ,1886

Total included foA C stock 3,572,003 1,803,219 1,366,176 391,848

* We assume®d0% of agricultural land is in pastureB yearsand 10% in croplands within each life zone, uniesseport ndC stock
andA C stock data for pastures or croplands. ** We ae=iithat soiC stocks in pastures in the Tropical Premontanistrfarest-
warm life zone is similar to pastures in the Trapidry forest life zone, which is a conservativereate. *** We excluded\ soil C
stocksin croplands in the Tropical moist forest life zahee to a lack of reference mature forest data* ¥te excluded two coffee
plantations with exceptional highisoil C stocks when calculating mearecosystem and soil C for the Tropical Premontane

wet forest life zone.

ect



Tabe 4.3. Aboveground and soil C stock estimatesdplands and difference&)(

between cropland and mature forest stocks by tifeezn Costa Rica.

124

Corrected
Land us: Life zone Site # Aboveground CSoil C  soil C A Aboveground CA Soil C A Ecosystem (h*
Banana Tropical moist forest 224 8 120 107 -115 ¥ 14 -101 5
225 9 133 121 -114 ¥ 28 -86 5
226 7 131 138 -115 A5 -71 5
227 7 165 170 -116 i A -39 5
Tropical Premontane 222 8 140 141 -130 -51 -180 3
wet forest-warm 230 7 139 139 -131 -53 -184 3
229 9 147 150 -129 -42 -171 3
221 11 161 164 -127 -28 -155 3
Tropical wet forest 220 10 171 128 -178 0 -178 3
228 8 129 101 -179 -27 -206 3
223 8 181 146 -180 18 -162 3
Coffee Tropical Premontane 218 22 293 288 -122 105 -17
wet forest 219 17 406 468 -128 285 157 1
216 10 357 272 -211 1 -210 3
217 58 597 573 -163 302 139 3
211 28 197 149 -193 -123 -315 3
212 7 294 277 -214 6 -208 3
210 4 210 166 -217 -105 -323 3
213 26 264 221 -195 -50 -245 3
Tropical Premontane 214 16 233 195 -196 -9 -205 2
rain forest 215 13 310 245 -198 40 -158 2
Sugarcane Tropical Premontane 201 22 127 122 -4 Rk g R -60 3
moist forest-warm 202 17 136 128 SA7 wkR )3 wk -60 3
200 22 154 143 -42 v 3 ke -39 3
203 16 134 141 -48 wx] kk -48 3
Tropical Premontane 205 21 380 286 -200 14 -186 3
wet forest 204 29 333 312 -192 40 -152 3
206 28 313 246 -193 -26 -219 3
207 22 227 191 -199 -80 -279 3
208 28 474 415 -192 143 -49 3
20¢ 30 26C 177 -191 -94 -28E

*n= sample size of reference mature forests. **dRexfice forests are in Pacific zone
which has distinct annual dry season, while bamdawatations are in Caribbean zone
without a strong dry season. ***Reference forest@earby but classified as Tropical
dry forest life zone.
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Chapter 5 General conclusions

5.1 Resear ch questions and answers

In this dissertation | sought to answer severaagsh questions to improve our
understanding of the impacts of tropical land usenge on terrestrial carbon (C) and
nitrogen (N) stocks. | used Costa Rica as a casly sbut many of the life zones and
land uses investigated in this dissertation cafobed throughout the (sub)tropics. In
this chapter | summarized the most important caichs that are discussed in detail
in Chapters 2-4.

(1) How do aboveground and soil C and N stocks and their net changes dueto
forest-to-agricultural conversion differ among life zone and agricultural land use
typein Costa Rica? | foundthat that soil and ecosystem C and N stocks vanieck

by life zone than by land use (Chapter 4). Net Saand N stock changes due to
forest-to-agricultural conversion were highly vat@aand increased or decreased
depending on the site (Chapter 2 and 4). High alsail variability, potential
inadequate reference mature forests, and the wifferent sampling tools to estimate
soil bulk density in mature forests and pasturegrdmuted to uncertainties in net soil
C and N stock changes due to forest-to-pasturearsion. Net soil C and N stock
changes due to forest-to-pasture conversion ddfbgelife zone. They decreased in
the Tropical dry forest and Lower Montane rain &iée zones, and in the Tropical
Premontane rain forest life zone when includingwsties adjusted for potential
sampling tool bias, and increased in the otherziihees (Chapter 2). Furthermore, the
presence of large remnant trees caused relativgiyadboveground and ecosystem C
stocks in 20% of our pastures, which is generadtyatcounted for in C flux models
(Chapter 3).
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(2) How do aboveground and soil C and N stocks and their changes dueto for est-
to-pasture conversion differ by pasture age? | found that pasture age was not as an
important predictor of soil and aboveground C anstdt¢ks as life zone (Chapter 2
and 3). In addition, the effect of land use chamgeoil and aboveground C and N
stocks was far more important than the effect nfllase duration (Chapter 2 and 3).
Generally, 0-1 m soil C and N stocks decreased pasture age (Chapter 2). Adding
age to the variables life zone and temperatureirmmdels to predict soil C stocks in
pastures, improved model fit, but life zone andvittial climate variables explained
more of the variation in soil C and N stocks thga alone (Chapter 2). | did not find
decreasing aboveground C and N stocks with paaggen the majority of our
chronosequences (Chapter 3). Although pasture @mipaiply played some role in the
amount of vegetation in pastures, the high levelasiation in legacy components
such as large remnant trees and downed wood anastgres within life zones

prevented me from detecting an age effect in migstbnes (Chapter 3).

(3) Can the use of life zones reduce potential biases and uncertainty of regional

and global C flux estimates for forest-to-agricultural conversions? My Costa
Rican agricultural ecosystem C stock estimates &dodd greater than
Intergovernmental Panel on Climate Change (IPC@peed estimates (Denman et
al. 2007, Houghton and Hackler 2001, Houghton 20@3addition, my results
indicated that IPCC’s C flux estimates due to fétesagricultural conversions were
overestimated by 8-19%. | suggest that incorpagatirmatic variability is more
important than incorporating agricultural land tgee variability in estimates of
ecosystem C and N stocks and their changes dut@rsion in tropical landscapes
at regional scales. Assuming the 19% overestintat€ filuxes for all tropical forest-
to-agricultural conversions based on our life zanalysis would indicate that the
annual global C flux due to land use change has beerestimated by 0.4 Pg Clyear
(Chapter 4).
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5.2 Implications

Models to predict how tropical ecosystems mighpoesl to land use conversion,
climate change, C{Jertilization, or N deposition should incorporaliéerent

scenarios depending on the life zone. This dissentand companion studies
(Cifuentes Jara 2008, Kauffman et al. unpublishetd)dsuggested that the Life Zone
system (Holdridge 1947 and 1967) is a useful digssion system and mapping tool
to estimate regional (in our case Costa Rica) dololadjecosystem C and N stocks and
fluxes. Incorporation of ecosystem C stock varigibielated to life zone into regional
and global models is more important than includiagability related to pasture age
(Chapter 2 and 3) or land use type (Chapter 4).

| documented highly variable soil C stock estimdéspecially in croplands),
and potential biases and uncertainties in estin@tssil C and N stock changes due
to conversion. In addition, | documented how thesential biases and uncertainties
may influence estimates at larger scales, andftirerd suggest that future research
efforts be directed towards reduction of uncertagin soil C stocks and their changes
due to land use conversion.

My results also suggested that ecosystem N stoelsincrease after pasture-
to-forest conversion (Chapter 2 and 3). This cdéeddl to short-term increased C
storage and to long-term increases in N fluxes (Atbal. 1998) especially under the
anticipated increased N deposition rates (Mats@®dLData on N cycling and the
role of phosphorous in these pastures are needattrstand the mechanisms behind
the ecosystem C and N stocks and changes docunientgdstudy.

Protecting remaining mature forest in the CostaRiTropical Premontane
and Lower Montane rain forest life zones is esséfdr reducing future C emissions
from this country and may conserve more C per ne¢kean could be sequestered in
reforestation of Costa Rica’s drier areas. In aoldjtl suggest that protection of large
remnant trees in pastures in the Tropical Prementain forest and Premontane wet

forest-warm life zones could conserve the same atnafuC on a per-hectare basis as
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protecting tropical dry forest. The extent of largennant trees across all pastures is
not well enough known, but could have a significafiféct on global C stocks.
Nevertheless, besides C and N storage, large rdrmeas in pastures provide benefits
to many organisms and humans and therefore protegfithese trees has great
ecological and social value (Harvey and Haber 19B8¢ extent of pasture trees
across large areas should be evaluated to deteth@nmportance of large trees in

(tropical) pastures for pan-tropical or global Gcs and flux estimates.
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Appendix 1. Life zone map of Costa Rica showingdbminant life zones and the
general area where pasture chronosequences, sugiacoffee and banana plantations
were sampled.
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Appendix 2. Nested plot sampling design used tecbaboveground biomass data and
soil samples in pastures in Costa Rica.
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Appendix 3. Example of the correction method fat Bolk density differences

between mature forest and pastures. Soil C anddksin pastures were corrected

using equations in Appendix 4. All soil layers iaspures for which soil C and N stocks

should be calculated separately are distinguish#drnumbers (e.g. 1-9).
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Mature forest
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\

sampled depth in cm

______ depth at equivalent reference

(mature forest) soil mass

NN

Ty

Additional sampled pasture soil mass compared to

reference mature forest soil mass
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Appendix 4. Equations used to calculate soil Cdrafocks in pastures corrected for
soil bulk density differences between mature foaest pastures. Methods are similar to
Veldkamp (1994) , Ellert and Bettany (1995), anav®oand Veldkamp (2005).

Definitions:

BD = soil bulk density (g/cf)

%C = soil C concentration (%) (can be replaced Witk to calculate soil N stocks)
L = length of soil layer (cm)

MF = Soil mass of reference (mature forest) soil @y/m

MP = Soil mass pasture soil (gfn

MN = Additional soil mass needed for a specifid $yer to add up to the equivalent
mass of the reference (mature forest) soil in ldnatr (g/nf)

RM = Remaining pasture soil mass that could be tmetthe next depth layer of
equivalent mass of the reference (mature foresitjg/o?)

Layer % equiv. SOiIl C stock = Soil C stocks in pasture soil layet is equivalent to a
specific forest soil layer (g/fh (Multiply by 0.01 to convert to Mg C/ha)

Thefollowing equations wer e the same for all calculations:

MF jayer = forest BDOuyer xX Liayer x [1]

e.g. MR.i0cm= forest BD.10cmX Lo-10cm

MP |ayer = pasture Bldyer xX Liayer x [2]

e.g. MR.i0cm= pasture BRiocmX Lo-10cm

MN layer x= M I:Iayer X~ RM layer x-1 [3]
e.g. MNv.ioem= MFo.10em
MN 10-20 cr= MF10-20 - RMo-10 cm

MN 20-30 cn= MF20-230 cnm RM10-20 ¢cm

etc.



Appendix 4 (continued)

Thefollowing equations differed depending on the situation:

If MPo-10 cm™> MFo.10 cmthen (no alternative shown):

0-10 cMiequiv. SOil C stock = %G 10cmX MNg.10cm

If RMo-10 em< MF20-30 cmthen (no alternative shown):

10-20 cMequiv. SOIl C stock = (RM-10cmX %0Co-10em+ MN10.20cmX %0Ci0-20¢m)
RMo.10 cem= MPo.10 cm= MFo-10 cm

If RM10-20 cm< MF20.30 cnthen:
20-30 CMequiv. SOIl C stock = (RMb-20cmX %0Ci0-20cm+ MN20-30cmX %0Co0-30¢n)
RM10-20 cm= MP10-20 cm~ MF10-20 cm= RMo-10 cm

If RM10-20 cm™> MF20.30 cnthen:

20'30 Cnﬂequivl SOI| C StOCk = MEO.30 me %C].O-ZO cm

If RM 20-30 cm* MP30.50 cm™> MF30.50 cmthen:
30-50 CMequiv.SOil C stock = (RMo-30cmX %0Cz0-30cm+ MN30-50cmX %0Cso-50cm

RM20-30 cm= MP20.30 cm~ MF20.30 - RM10-20cm

RM3o-50cm= MP30.50 cm MF30-50 cm= RM20-30 cm

If RM 20-30 cm* MP30.50 cm< MF30.50 cmthen:
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[4]
[5]
[6]

[7a]
[8]

[7b]

[9a]
[10a]
[11a]

30-50 CMequiv.SOIl C stock = - MNp.30cmX %Co0-30cmt MP2g.30 cnX %0Ci0-20cm= RMao-

30em X %0C30-50 ¢cm

RM20-30 cm= MP20.30 cm~ MF30-50 e~ MIN20-30 ¢cm

RM3o.50cm= MF30.50 cm* RM20.30 cm

If RM30-50 cm* MP50-100 cm™> MF30.50 cmthen (no alternative shown):

[9b]
[10b]

[11b]

50-100 Cnf]equiv.sOiI C stock = RMo-50 cmX %Cs0-50cm MNsg.100 cmX %0Gs0-100 cm [12]



O ToolA A Tool B ¢ ToolC

- - - Log. (Tool A) — — Log. (Tool B) Log. (Tool C)
1.6 -

y=-0.1657Ln(x) + 1.0735 y =-0.1943Ln(x) + 0.8376 y =-0.2958Ln(x) + 1.2309
Laq e R?=0.5595 R? = 08147 R>=0.6973

soil bulk density (g/cm”™3’

0.0 T \

soil C concentration (%)

Appendix 5. Relationships between soil C conceiatnatand soil bulk densities in Costa Rican matorests sampled with tools A
(n =10), B (n=20) and C (n = 4). DimensionsawltB and C were described in section 2.2.5 anblAan section 4.2.3.
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Appendix 6. Mean (£ SD) of soil variables for ma&uweference forests by soil layer and life zonesipilife zones in Costa Rica.

Soil deptl Sample sizeSoil bulk density  Soil bulk density Soil C stock Soil C stock Soil N stock Soil N stock
original adjusted %Soil C %Soil N original adjusted original adjusted
Life zone cm # g/cm”3 g/cm”3 % % Mg C/ha Mg C/ha Mg N/ha Mg N/ha
Tropica 0-1C 2 0.8C* 0.02 0.7¢* 0.04 45+ 0.6 0.35t * 0.05i 36.2F 6.4C 35.E+ 3.0% 2.8c* 0.57 2.7¢x 0.3C
dry fores 10-2¢ 2 0.8c+ 0.01 097+ 0.01 24+ 00F O0.20¢* 0.006¢ 20.1% 0.77 234% 0.3¢ 171+ 0.1cC 1.9¢+ 0.07
20-3( 2 0.8¢+ 0.02 1.04+ 0.02 1.8+ 0.1¢ 0.158* 0.01: 162+ 214 19.6 £ 1.3¢ 1.3t £ 0.1F 161+ 0.0¢
30-5C 2 0.87+ 0.01 117+ 0.0z 1.2+ 0.0¢6 0.10C* 0.001 217 0.82 291+ 112 174+ 0.0C 2.3: %+ 0.0C
50-10( 1 0.8¢ + 1.3C+ 0.8 x 0.07z 312 * 51.2 * 287 % 234+ 331
Tropica 0-1C 3 0.7¢ £ 0.0¢ 0.8z 0.07 41+ 0.9€¢ 0.317% 0.07: 31.Cx 3.91 32¢c+ 4.8¢ 24z % 0.3C 257+ 0.3¢€
moist fores 10-2( 3 0.8+ 0.0¢ 122+ 0.04 11+ 0.1 0.117+ 0.00¢ 9.3+ 0.8¢ 126+ 1.2¢ 1.04+ 0.07 1.4:+ 0.07
20-3( 3 0.9t + 0.0t 1.3+ 0.02 0.6+ 0.07 0.07¢ £ 0.00¢ 57+ 0.7¢C 823+ 071 0.7zt 0.0 1.0+ 0.02
30-5C 3 1.0z2* 0.0¢ 148+ 0.07 0.£x 0.1z 0.061% 0.00¢ 9.6+ 3.2¢ 136+ 2.7z 128+ 0.21 1.7¢ £ 0.0€
50-10( 3 097 0.02 148+ 0.14 0.+ 0.1¢ 0.05:% 0.01¢ 22:+ 871 332+ 11.2¢ 25¢+ 0.7 3.8¢+ 0.8z
Tropica 0-1C 3 047 0.0¢ 0.6€ = 0.0¢ 71+ 17z 057:% 0.15: 32.(*+ 3.1€ 457+ 6.5¢ 258+ 0.3z 3.7(x 0.62
wet fores 10-2(C 3 0.5t + 0.07 0.8c* 0.0¢ 4C* 1.04 0.35¢% 0.08¢ 215+ 2.8t 327+ 55¢ 1.8¢+ 0.2t 287 0.4¢
20-3C 3 0.61* 0.07 0.9¢* 0.04 23+ 0.3z 0.20¢%* 0.03: 141+ 062 228+ 2.3 1.24* 0.0¢ 20C* 0.2t
30-5C 3 0.64* 0.07 1.0¢* 0.0z 1€+ 0.06 0.14:% 0.01¢ 20.e+x 1.21 35.E+ 1.3¢ 181+ 0.1C 3.1(* o0.2¢
50-10( 3 0.7C* 0.02 1.21%+ 0.0¢ 1.1+ 0.1z 0.09¢* 0.01¢ 37.¢+ 23z 65.2+ 5.3t 347 0.4C 5.9¢+ 0.7¢
Tropica 0-1C 2 0.67* 0.1¢ 0.7:* 0.01 54+ 0.1 0.431% 0.03¢ 36.C* 09.1¢€ 39.E+ 0.67 29z 1.07 3.1ex 0.3
Premontan  10-2( 2 0.7z 0.1z 0.9 0.02 3.Cx 0.2¢ 0.261% 0.01¢ 21.e+ 1.5¢ 274% 1.7¢ 1.9C* 0.4z 236+ 0.21
wet forest 20-3( 2 0.84+ 0.22 1.0 0.0z 22 0.1z 0.15:% 0.08: 182+ 5.9z 217 0.9: 1.3¢ £ 1.02 152+ 0.8C
warrr 30-5C 2 081 0.14 1.0¢+ 0.0¢ 1€+ 05C 0.141% 0.06¢ 274 % 12.7¢ 354+ 7.8t 237 1.4t 3.01* 1.1f
50-10( 2 0.8+ 0.11 115+ 0.0¢ 1.3+ 0.3 0.11F* 0.05Z 59.2  23.0Z 75.¢ + 15.1( 5.1€+ 2.91 6.4¢+ 2.5
Tropica 0-1C 2 0.27* 0.0z 03¢+ 004 174 21z 130:%* 0.21¢ 47 1.6z 67.C* 1.92 352+ 0.27 5.0+ 0.3¢€
Premontan  10-2( 2 0.3C* 0.04 05+ 0.0z 117% 1.14 0.89€* 0.127 35.2F+ 1.1¢ 58.6 * 2.37 2.6¢* 0.02 4.4¢+ 0.3¢
rain fores 20-3C 2 0.34* 0.04 0.65* 0.0C 7.2x 0.0z 0.54¢* 0.02: 244% 3.1C 465+  0.1C 1.8¢* 0.17 356+ 0.14
30-5C 2 044 0.0Z 0.8 0.02 3.8+ 04z 0.31z% 0.03¢ 345+ 2.1¢ 64.6 * 4.5¢ 274 0.1¢ 5.14* 0.37
50-10( 2 0.5C* 0.0C 0.9¢ * 0.0¢€ 28+ 047 0.20t £ 0.04C 62.2 * 11.4¢ 120.C £ 15.6( 5.06 * 0.97 9.8(* 1.3¢
Tropical 0-1C 3 0.2z 0.0¢€ 0.3z 007 22:x 55: 167(% 0.42¢ 50.2 + 18.5Z 68.4%+ 0.9C 3.7€+ 1.3t 5.1z 0.0%
lower montan 10-2( 3 04z 0.07 05z 007 11z%x 26 0.851% 0.177 48.6 + 15.17 572+ 6.3¢ 3.6¢+ 0.9¢ 43¢+ 0.3¢
rain fores 20-3C 3 047 0.0¢€ 0.6¢ * 0.0€ 6.6+ 126 051¢%* 0.11F 31+ 9.2¢ 441+ 4.9¢ 246+ 0.7¢ 3.4z 0.51
30-5C 3 05¢+ 0.21 0.8z 0.0z 41% 0.2¢ 0.321* 0.03¢ 48.C + 18.7¢ 66.2 2.7¢ 3.8(* 1.54 524* 0.51
50-10( 3 0.5+ 0.02 0.84% 0.0z 3.7 0.1¢ 0.28t* 0.00¢ 927+ 9.3¢ 156.+ 531 711+ 04z 12.0:%* 0.3C

Adjusted estimates were calculated using regressjoation for tool C from Appendix 5 to standardizeil bulk density estimates sampled with différtols (section 2.2.5).
Original data from Kauffman et al. (unpublished).
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Appendix 7. Mean (+ SE) soil bulk density (gfrby pasture and soil layer in six
pasture chronosequences in Costa Rica and meadsufiodlensity for each soil layer by
life zone

Pasture Soil depth (cm)
Life zone age (yrs) 0-10 10-20 20-30 30-50 50-100
Tropica 29 1.2C* 0.0¢€ 128+ 0.0% 1.2t 0.07 1.1¢* 0.0¢ n.s
dry fores 43 1.1z 0.0¢ 1.2¢+ 0.02 1.1¢+ 0.0¢ 1.1¢ + 0.0z 1.2¢+ 0.23(2)
62 1.2¢+ 0.0¢ 134+ 0.0% 148+ 0.0Z 1.4+ 0.0¢ n.s
>75 (a 114+ 0.1C 115+ 0.0¢ 1.1* 0.1c 1.2(* 0.1¢ n.s
>75 (b 1.2¢+ 0.1C 1.27* 0.0¢ 1.31% 0.1C n.s n.s
average pasture ! 1.21+ 0.04 1.2¢€+ 0.0ca 1.2t + 0.0¢a 128+ 0.06 a 1.2¢€ akt
Tropica 28 (a 14+ 0.1f 12¢+ 0.14 122+ 0.0¢ 1.45 = 0.0¢ 132+ 0.0¢
moist fores 28 (b, 1.3C £ 0.0¢ 156+ 0.0% 152+ 0.0¢€ 1.4¢+ 0.07 1.3+ 0.14
42 1.4C £ 0.0¢ 156+ 0.04 1.5C* 0.0¢ 158+ 0.1C 145+ 0.0¢
>47 1.3C* 0.07 1.2¢e + 0.0 1.2:+ 0.1¢ 1.2¢+ 0.1C 1.6t 0.1¢€
>6¢ 1.2¢6 £ 0.0¢ 1.2¢+ 0.0¢ 1.3¢ £ 0.1C 1.32 0.0¢ 1.31% 0.04

+ +

average pasture +! 1.34% 0.0Z 1.4Cx 0.07a 1.37f 0.0¢a 14z* 008 a 141% 0.05 a

Tropica 2 0.81* 0.02 0.7¢* 0.02 0.8z 0.0¢ 0.9t + 0.0 0.8zt 0.0¢
wet fores 8 1.0 0.07 0.8¢+ 0.07 1.0+ 0.0z 1.0z = 0.0¢ 1.0 £ 0.0¢
16 0.8¢ £ 0.07 0.9¢ = 0.0 1.0+ 0.0¢ 0.9+ 0.07 1.06 £ 0.04
18 0.7¢ £ 0.07 0.7¢ £ 0.0¢€ 0.95+ 0.07 1.02 % 0.0¢ 0.97 %t 0.07
35 0.81+ 0.0¢ 0.7C* 0.0¢ 0.8¢ £ 0.0¢€ 0.8¢ = 0.0% 0.8¢ = 0.07
>3E 0.8+ 0.0¢ 0.8¢ = 0.0¢ 0.94% 0.02 1.0: %+ 0.04 0.9¢ = 0.0¢

average pasture*+¢ 0.87* 004a 0.8:% 0.04b 095+ 0.0:b 097 0.0:b 09:x 0.04bc
Tropica 15 0.91% 0.04 0.9Cx 0.04 0.9¢ £ 0.04 1.1C x 0.0z 1.0:x 0.02
Premontan: 20 0.9¢ £ 0.04 0.9C* 0.1C 0.81* 0.0¢ 0.97 = 0.0¢ 1.07* 0.07
wet forest 26 1.0C* 0.05 0.9z 0.0¢ 1.0z 0.0z 1.08 + 0.01 097 0.04
warn 40 0.91* 0.0¢ 1.2z 0.04 1.1t £ 0.0¢ 1.2¢* 0.0¢ 1.1C* 0.04
50 0.8C £ 0.0€ 0.9¢+ 0.0Z 0.9¢ £ 0.0 0.9¢ + 0.02 1.0¢ = 0.02

average pasture+! 0.9z* 0.04a 09¢* 0.0€b 09¢*+ 0.06b 1.07x 0.08 b 1.04% 0.0z hbc

Tropica 1 0.4 % 0.0 0.41% 0.0z 0.5+ 0.02 0.6€ £ 0.0 0.6€ £ 0.04
Premontan 10 054+ 0.0 054% 003(4) 061% 00:(4 067% 007(3) 082% 0.01(2)
rain fores 25 0.5C * 0.04 0.51% 0.0z 0.56 + 0.0¢ 0.65 * 0.0Z 0.6+ 0.04
45 0.5t £ 0.0 0.6¢* 0.1¢€ 0.5z 0.0z 0.6¢ £ 0.04 0.6¢ £ 0.0%
70 0.4 £ 0.0° 052t 0.04 0.57* 0.0¢ 0.6¢ £ 0.0¢ 0.6¢ £ 0.0¢€
average pasture*+¢ 05z* 00zb 054% 0.05c 0.56* 0.0zc 067 0.01 ¢ 0.7Cx 0.0zd
Tropical 16 0.74% 0.04 0.8c* 0.04 0.7¢ * 0.07 0.8t + 0.11 0.9zt 0.07
lower montan 28 0.5t £ 0.05 0.7Cx 0.04 0.5+ 0.04 0.85+ 0.11 0.66 £ 0.04
rain fores 32 0.64 £ 0.0€ 0.84x 0.07 0.8z 0.0¢ 0.67 £ 0.0 1.0t = 0.0¢
48 0.5¢ £ 0.0Z 0.8¢ £ 0.0¢ 0.8C* 0.0¢ 0.7¢ £ 0.0¢ 1.0t 0.1z
54 0.65 £ 0.07 0.7¢ £ 0.04 0.6€ = 0.0¢ 0.7¢ £ 0.1C 0.6¢ £ 0.0z

average pasture+! 0.6Z% 0.0:b 081% 0.0:bc 072%f 0.0:c 077 004 ¢ 0.8¢* 0.0¢cd
* Young pastures (1 and 2 years old) were not metlin calculations of mean and SE.
n.s. means no samples collected due to hard Saitaple size (n) is 5 unless otherwise stated in
brackets. Means for each life zone followed bydame letter are similar to one another, means
for each life zone not followed by a letter indeesitmean for this life zone is different from all
other life zones (Qjusied<0.1).
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Appendix 8. Soil bulk density by depth in pastusésarious ages and mature forests
(measured and adjusted) for six life zones (ad}.rRature forests measured soil bulk
density estimates were adjusted for sampling lsi@stion 2.2.5). Symbols and
corresponding numbers represent time since de&di@stin years. a = Tropical dry
forest; b = Tropical moist forest; ¢c = Tropical wetest; d = Tropical Premontane wet
forest-warm; e = Tropical Premontane rain foréstTropical Lower Montane rain
forest life zone.
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Appendix 9. Pearson coefficients of correlation\setn soil variables, and pasture age,
elevation, and climate variables in 31 pastures@boclimatic gradient in Costa Rica.

Response variables Age Elevation Temperature Precgpitat
soil bulk density 0-10 cm 0.31* -0.74 *** (.86 *** -0.89**
soil bulk density 10-20 cm 0.38 **  -0.59 *** (.73 *** -0.8 ***
soil bulk density 20-30 cm 0.33 * -0.72 ¥** (.83 *** -0.88**
soil bulk density 30-50 cm 0.25 -0.74 *** (.85 *** -0.84**
soil bulk density 50-100 cm 0.23 -0.63 *** .75 *** -0.87*
%soil C 0-10 cm -0.24 0.91 ***  -0.95 *** 0.76 ***
%soil C 10-20 cm -0.40 **  0.71 ** -0.80 *** 0.84 ***
%soil C 20-30 cm -0.38 **  0.58 *** -0.68 *** 0.78 ***
%soil C 30-50 cm -0.27 0.83 ***  -0.91 *** 0.89 ***
%soil C 50-100 cm -0.37 * 0.71 ***  -0.78 *** 0.76 ***
%so0il N 0-10 cm -0.17 0.91 ***  -0.94 *** 0.73 ***
%so0il N 10-20 cm -0.32 * 0.70 ***  -0.78 *** 0.83 ***
%soil N 20-30 cm -0.34 * 0.56 ***  -0.65 *** 0.77 ***
%soil N 30-50 cm -0.22 0.83 ***  -0.90 *** 0.88 ***
%soil N 50-100 cm -0.29 0.74 ***  -0.80 *** 0.73 ***
soil C stock 0-10 cm (Mg C/ha) -0.30 * 0.33 * -0.48 *** gB ***
soil C stock 10-20 cm (Mg C/ha) -0.26 0.84 *** -0.88 *** (.62 ***
soil C stock 20-30 cm (Mg C/ha) -0.56 *** 0.45 *** -0.62* 0.78 ***
soil C stock 30-50 cm (Mg C/ha) -0.35 * 0.73 *** -0.83**  0.86 ***
soil C stock 50-100 cm (Mg C/ha) -0.40 **  0.63 *** -0.76* 0.89 ***
soil C stock 0-1 m (Mg C/ha) -0.50 *** 0.70 *** -0.84 *** (.91 ***
soil N stock 0-1 m (Mg C/ha) -0.44 **  0.72 *** -0.84 *** ®Q ***

A soil C stocks 0-30 cm (Mg C/ha)  -0.55 ** -0.01 -0.17 A8 ***

A soil C stocks 0-1 m (Mg C/ha) -0.65 *** -0.16 -0.02 58.***

A soil N stock 0-1 m (Mg C/ha) -0.59 ***  0.07 -0.23 0.72
relativeA soil C stocks 0-30 cm (%) -0.60 ***  0.02 -0.21 0.64 ***
relativeA soil C stocks 0-1 m (%) -0.67 *** -0.20 0.02 0.55 ***
relativeA soil N stock 0-1 m (%) -0.62 *** -0.06 -0.11 0.67 ***

o I:)critical <0.01
o I:)critical <0.05
* I:)critical <0.1
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Appendix 11. Mean (£ SE) soil carbon concentra{fd) by pasture and soil layer in
six pasture chronosequences in Costa Rica and #esmil C for each soil layer by life
zone.

Pasture Soil depth (cm)
Life zone age (yrs) 0-10 10-20 20-30 30-50 50-100
Tropica 29 32% 023 22% 0.z 1.1* 01 04% 01 n.s
dry fores 43 3.1 01 1.3% 0.2 0.7% 0.1 0.2* o.cC 0.3% 0.C@
62 2¢+ 0.3 1.4% 0.2 1.2% 0.2 0.6* 0.1 n.s
>75 (a 31 0.2 1.6+ 0.2 1.2% 01 0.7% 0.1 n.s
>75 (b’ 34 04 2+ 0¢F 1.2+ 0.2 n.s n.s
average pasture + ! 3.1+ 01 1.6+ 0.z 1.1%* 01a Ex 01a 0.2 a
Tropica 28 (a 2t 0.z 1.cx 0z 0.c* 0.1 oex 01 04% 0.C
moist fores 28 (b’ 2% 023 1.2+ 0.z 0.e*+ 0.1 0.7% 0.1 0.6x 0.1
42 28+ 0.2 1.2+ 0z 0.6*+ 0.1 0+ 01 0.2 0.1
>47 24%* 0.2 1.3% 0.z 0.ct 0.z 0%+ 0.1 04% 0.1
>68 24%* 0.6 £gx 01 0.6t 0.1 0%+ 0.1 0.2% 0.1
average pasture ! 2.2% 0.1 1.1* 01 0.x 0Ca 0€%* 0.1a 04% 0Ca
Tropica 2 8.2% 07 6.7% 0.2 4C* 0. 2€* 0.z 22%* 01
wet fores 8 6.t 0t 4€x 0.2 3.6+ 0t 21* 0.z 1.4%* 0.2
1€ 6.3t 04 45+ 04 3.3* 0 1.¢+ 01 1.2+ 01
18 74%* 04 44% 0EF 3£+ 01 21% 01 1.3+ 01
35 58% 0.€ 41% 0EF 3.2% 0.¢€ 1.¢+ 0.z 1.4% 0.1
>3E 54+ 0.3 44% 0.2 3.2% 04 2C%* 0.1 1.6+ 0.1
average pastu* +SE 6.2* 0.2a 44%* 01a 34% 0.1b 2C* 0Chb 1.4%* 0Ch
Tropica 15 74% 0.6 43* 04 2¢+ 0.z 1.7% 0.C 1.2+ 01
Premontan: 20 5.8+ 0.3 3.7 0.1 22% 01 1€+ 01 15+ 01
wet forest 26 57% 0.3 3.6+ 0¢F 28% 04 2% 01 1.7% o.cC
warm 4C 64% 0.1 3.7 01 24% 0.z 1€+ 01 1.1% 01
5C 72% 04 2¢* ocC 22% 0.1 1.€x 01 1.4% 0.1
average pasture+! 6.5 0.2a 3.7% 0za 2€x 0.1b 1.€x 01b 1.4% 0.1b
Tropica 1 15¢+ 2¢5 128+ 1€ 102+ 1.2 4t 06 421 0.7
Premontan 1C 101+ O0E 9.2% 1:¢ 6.2t 0.€ 4:x 0EF 1.¢+ o0z
rain fores 25 127+ 14 8.4* 0. 5.6% 0.€ 3.ex 0¢€ 1.¢+ 0.2
45 12.(* 04 7€% 04 6.1% 0.2 4€x 0¢ 24* 0.z
7C 137 0.6 9.5+ 0.7 6.7% 0.¢ 45+ 0.7 1.5+ 04
average pastu* + SE 121+ 0.8 87 0Eb 6.2t 0.2 42 0zZc 1.¢+ 0.2bc
Tropical 1€ 127+ 1.2 7Cx 1k 3.6t 0.7 3.€6%x 0.2 23%* 04
lower montan 28 188+ 22 8.1% 0.7 6.1 0.€ 4% 07 3.2% 0.3
rain fores 32 201t 3 47% 1C 1.2+ 0.z 3.ex 0: 1€x 0.3
48 145+ 0.8 6.6t 0.7 2¢+ o0¢ £+ 0F 2% 0.2
54 136 14 6.4+ 0.7 556+ 0.c 3.7 0.2 28x 0.1
average pasture+! 15¢* 14 6.6 0€b 3.6+ 0¢b 37% 01c 24%* 02c

* Young pastures (1 and 2 years old) were not ohetlin calculations of mean and SE.

n.s. means no samples collected due to hard Saitaple size (n) is 5 unless otherwise stated in
brackets. Means for each life zone followed bygame letter are similar to one another, means
for each life zone not followed by a letter indeesitmean for this life zone is different from all
other life zones (Qjusiea<0.1).
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Appendix 12. Mean (+ SE) soil nitrogen concentraf{#o) by pasture and soil layer in
six pasture chronosequences in Costa Rica.

Pasture Soil depth (cm)
Life zone age (yrs) 0-10 10-20 20-30 30-50 50-100
Tropica 29 0.24¢ ¥ 0.02¢ 0.18-* 0.01C 0.10z £ 0.00¢ 0.04C £ 0.00¢ n.s
dry fores 43 0.25¢ + 0.01C 0.11:* 0.011 0.067* 0.007 0.037 £ 0.00: 0.04: = 0.00C
62 0.24¢* 0.02¢ 0.128* 0.01f 0.11C* 0.01¢ 0.05¢ £ 0.00¢ n.s
>75 (a 0.25¢* 0.01¢ 0.171* 0.01Z 0.112* 0.00¢ 0.06¢ £ 0.007 n.s 2)
>75 (b 0.24¢* 0.027 0.18/* 0.03: 0.10C* 0.017 n.s n.s
Tropica 28 (a 0.19C+ 0.01% o0.12¢+x 0.021 0.10¢ = 0.01% 0.08¢ + 0.01f 0.04¢ = 0.00%
moist fores 28 (b’ 0.177* 0.01¢ 0.12¢+ 0.017 0.09¢ £ 0.00¢ 0.07¢ £ 0.01C 0.06:* 0.01¢
42 0.23t+ 0.01¢ 0.13:* 0.01¢ 0.09¢ + 0.01] 0.05¢ = 0.00¢ 0.03¢ = 0.00¢
>47 0.211%* 0.01¢ 0.13:* 0.02: 0.08¢* 0.01: 0.062 = 0.007 0.051%* 0.00¢
>69 0.232* 0.042 0.108* 0.011 0.08(* 0.00¢ 0.05¢ + 0.00¢ 0.04¢ £ 0.007
Tropica 2 0.54¢ = 0.03¢ 0.45: % 0.02C 0.31:* 0.04¢ 0.18¢* 0.01C 0.12( * 0.00¢
wet fores 8 0.44C * 0.04: 0.35¢* 0.022 0.307* 0.03: 0.17¢* 0.017 0.10z* 0.01:
16 0.51:* 0.03¢ 0.36¢* 0.03: 0.28:* 0.03¢ 0.16¢* 0.00¢ 0.10¢ + 0.00¢
18 0.53¢* 0.02¢ 0.33¢x 0.03: 0.27¢ £ 0.00¢ 0.16t £ 0.01C 0.10: * 0.01C
35 0.48:* 0.04: 0.358* 0.03¢ 0.29¢* 0.04: 0.16€ £ 0.017 0.12¢* 0.007
>35 0.411* 0.01¢ 0.35¢* 0.02¢ 0.27¢* 0.02¢ 0.16( £ 0.007 0.12: * 0.00¢
Tropica 15 0.58¢ + 0.04¢ 0.377% 0.02¢ 0.27C* 0.01¢ 0.15¢ £ 0.00¢ 0.128 * 0.00¢
Premontan: 20 0.45(* 0.03C 0.32(* 0.01¢ 0.217* 0.00¢ 0.17¢ £ 0.01C 0.11¢* 0.00¢
wet forest 26 0.46¢* 0.031 0.302% 0.037 0.221% 0.027 0.14¢ % 0.007 0.11¢ * 0.00¢
warn 40 0.547+ 0.017 0.34¢* 0.007 0.23¢* 0.01¢ 0.151* 0.00¢ 0.11€ £ 0.00¢
50 0.61¢* 0.042 0.25¢%* 0.00: 0.19¢* 0.007 0.16¢ = 0.00¢ 0.11€ £ 0.00¢
Tropica 1 1.22¢ + 0.14: 0.98<* 0.077 0.85:* 0.08: 0.39¢ + 0.04¢ 0.33t + 0.05:
Premontan 10 0.76¢ = 0.05¢ 0.701* 0.07¢ 0.51C* 0.04¢ 0.34¢%* 0.04¢ 0.14¢* 0.022
rain fores 25 0.991* 0.09¢ 0.69¢* 0.061 0.487* 0.04¢ 0.31€* 0.031 0.165 * 0.01¢
45 0.93t+ 0.02C 0.60t* 0.02¢ 0.51¢* 0.01C 0.37¢* 0.068 0.17¢ + 0.02¢
70 1.20¢ + 0.04¢ 0.90¢%* 0.06( 0.637% 0.081 0.41¢+ 0.05¢ 0.14( % 0.03(
Tropical 16 0947 0.09: 0.527* 0.11f 0.29¢ £ 0.05¢ 0.31C £ 0.02: 0.187* 0.03(
lower montan 28 1.59(* 0.197 0.66¢% 0.05¢ 0.507 £ 0.05¢ 0.33: £ 0.06: 0.251% 0.02¢
rain fores 32 1.64¢* 0.26¢ 0.37¢% 0.07¢ 0.10( £ 0.01¢ 0.30¢ £ 0.037 0.12¢ £ 0.02C
48 1.15(* 0.061 0.54t % 0.057 0.24¢% 0.07] 0.301 £ 0.04¢ 0.15¢ * 0.01¢
54 1178+ 0.15¢ 0.50¢ £ 0.05: 0.44: % 0.04: 0.30¢ £ 0.02( 0.221* 0.011

* Young pastures (1 and 2 years old) were not ohetlin calculations of mean and SE.
Sample size (n) is 5 unless otherwise stated ickita, n.s. means no samples collected due to
hard soils.
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Appendix 13. Soil carbon concentration by soil theptpastures of various ages and
mature forests for six life zones (a-f). Symbold anrresponding numbers represent
time since deforestation in years. a = Tropicalfdrgst; b = Tropical moist forest; ¢ =
Tropical wet forest; d = Tropical Premontane wetiwae = Tropical Premontane rain
forest; f = Tropical Lower Montane rain forest ldene.
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Appendix 14. Mean (£ SE) corrected soil C (Mg C/bg)pasture and soil layer in six
pasture chronosequences in Costa Rica and meatiaatrsoil C for each soil layer by

life zone.

Pasture  Soil depth layer equivalent to average referendeiradorest (cm)
Life zone age (yrs) 0-10 20 20-30 50 50-100
Tropical 29 25.2 22.3 18.7 15.7 n.s.
dry forest 43 24.6 16.7 10.8 9.3 14.5
62 22.9 19.0 12.0 20.4 n.s.
>75(a) 24.6 19.9 15.0 16.4 n.s.
>75 (b) 26.8 24.4 19.6 n.s. n.s.
average pasture +! 24.6 +0.€ 20E£%x123 152%x17 15E£%21 14.t
Tropical 28 (a) 15.8 15.4 9.8 17.3 28.2
moist forest 28 (b) 15.8 14.8 10.9 17.4 31.2
42 19.2 18.7 11.7 17.8 19.8
>47 18.4 17.2 12.4 155 21.6
>69 18.3 15.2 8.1 12.1 194
average pasture =! 178 *0.7 16.2*0.7 10.€6x07 16.(*x11 24.1% 24
Tropical 2 38.4 42.0 40.4 44.7 81.8
wet forest 8 28.0 32.7 30.0 48.3 65.4
16 29.3 32.2 28.3 44.1 57.1
18 34.5 335 26.2 38.3 59.0
35 27.1 28.4 24.4 35.2 55.3
>35 25.2 27.9 27.0 39.9 61.9
average pastu* + SE 28.6 X 1€ 30¢c*12 272X 1C 41.2%23 59.7* 1.8
Tropical 15 49.3 38.2 30.2 34.4 62.1
Premontane 20 38.7 33.2 26.4 31.9 67.6
wet forest- 26 38.4 33.7 28.9 38.2 77.4
warm 40 42.7 33.2 30.0 34.1 58.0
50 48.3 26.3 215 32.0 66.7
average pasture +! 43E£+22 32¢+t1¢ 27<4%x1€ 341%11 66.2 + 3.3
Tropical 1 43.4 43.2 40.8 65.6 109.7
Premontane 10 27.5 30.3 33.5 56.6 76.5
rain forest 25 34.7 35.1 29.6 47.3 67.4
45 32.8 35.1 18.4 65.6 88.5
70 37.5 37.7 33.0 56.6 73.0
average pastu* + SE 33.1+21 34Ex15 28.€6%3E 56.%37 76.£ % 4F
Tropical 16 28.5 56.6 30.8 65.2 80.9
lower montane 28 41.3 68.9 35.6 66.5 88.8
rain forest 32 449 84.3 21.8 27.5 69.0
48 32.3 55.2 29.8 47.0 72.2
54 30.8 58.7 26.7 66.7 80.4
average pasture +! 35.€ £3.2 64.7%X54 28¢+232 54€x7.7 78.c+ 3E

* Young pastures (1 and 2 years old) were not getlin calculations of mean and SE
n.s. means no samples collected due to hard soils.
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Appendix 15. Mean (+ SE) corrected soil N (Mg N/bg)pasture and soil layer in six
pasture chronosequences in Costa Rica and meatimatsoil N for each soil layer by

life zone.

Pasture Soil depth layer (cm)
Life zone age (yrs) 0-10 10-20 20-30 30-50 50-100
Tropical 29 1.97 1.78 1.54 1.42 n.s.
dry forest 43 2.03 1.40 0.93 0.98 1.75
62 1.94 1.63 1.09 1.85 n.s.
>75(a) 2.06 1.72 1.35 1.58 n.s.
>75 () 1.94 1.83 1.58 n.s. n.s.
average pasture +t SE 1.99 +0.02 1.67 +0.08 1.30+0.13 4.0616 1.75
Tropical 28(a) 1.48 1.51 1.19 2.04 3.14
moist forest 28 (b) 1.37 1.39 1.21 2.01 3.48
42 1.83 1.81 1.24 2.05 2.43
>47 1.64 1.58 1.24 1.58 2.66
>69 1.80 1.57 0.99 1.48 2.50
average pasture + SE 1.62 +0.09 157 +0.07 1.17+0.05 4.8312 284 + 0.20
Tropical 2 2.55 281 2.74 3.41 5.21
wet forest 8 2.05 2.39 2.33 3.90 5.15
16 2.39 2.63 2.29 3.72 4.84
18 251 2.47 2.01 3.07 4.62
35 2.25 2.38 2.10 3.09 4.84
>35 1.91 2.16 221 3.29 4.99
average pasture*+ SE 2.22 +0.11 241 +0.08 2.19+£0.061 3.9.17 4.89 + 0.09
Tropical 15 3.94 3.23 2.73 3.14 5.79
Premontane 20 3.02 271 2.32 3.03 5.63
wet forest- 26 3.14 2.73 2.30 2.90 5.48
warm 40 3.67 2.99 2.82 3.32 5.72
50 4.15 231 1.90 2.90 5.52
average pasture +t SE 3.58 +0.22 2.79+0.15 241 +0.17 B8.008 5.63 + 0.06
Tropical 1 3.35 3.36 3.25 5.45 8.84
Premontane 10 2.09 2.30 2.52 4.49 6.07
rain forest 25 2.71 2.77 2.45 4.07 5.72
45 2.55 2.73 1.47 5.40 7.10
70 3.30 3.38 3.13 5.37 6.72
average pasture*+ SE 2.66 + 0.25 2.80+0.22 2.39 £0.34 3 4.8.33 6.40 = 0.31
Tropical 16 2.12 4.21 2.30 8.35 6.84
lower montane 28 3.56 5.91 2.93 5.50 7.22
rain forest 32 3.69 6.92 1.74 2.18 5.57
48 2.57 4.41 2.46 3.91 5.99
54 2.63 5.01 2.13 5.38 6.57
average pasture + SE 291 +0.30 5.29+0.50 2.31+0.20 5.002 6.44 £ 0.29

* Young pastures (1 and 2 years old) were not oietlin calculations of mean and SE.
n.s. means no samples collected due to hard soils.
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Appendix 16. Soil C stocks by forest equivalent depth layer (in cm) in pastures of
various ages and average mature forests in sixdifes (a-f). a = Tropical dry forest; b
= Tropical moist forest; ¢ = Tropical wet forestzdropical Premontane wet forest-
warm; e = Tropical Premontane rain forest; f = TcapLower Montane rain forest life
zone.
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Appendix 17. Soil N stocks by forest equivalent gdepth layer (in cm) in pastures of
various ages and average mature forests in sixdifes (a-f). a = Tropical dry forest; b
= Tropical moist forest; ¢ = Tropical wet forestzdropical Premontane wet forest-
warm; e = Tropical Premontane rain forest; f = TcapLower Montane rain forest life
zone.
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Appendix 18. A-priori set of linear models predgfi0-30 cm soil C stocks (natural log
transformed) in pasture chronosequences acro$igespones in Costa Rica ranked by
Bayesian Information Criterion (BIC) for (a) allgtares, and (b) pasture8 years.
Delta BIC is the difference between the BIC scarfethe model in question and the
“best” (lowest BIC score) model.

Model terms k (# of parameters) delta BIC
life zone 7 0
age, life zone 8 1
age, life zone age* life zone 13 11.3
age, temperature 4 28.1
temperature 3 30.4
age, temperature, age* temperature 5 30.9
precipitation 3 31.8
age, precipitation 4 35.1
age, precipitation, age* precipitation 5 37.7
age 3 54.5
(null model, intercept only) 2 56.5
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Appendix 19. Mean original and adjusted + 1 SErd-4oil carbon stock estimates in
mature reference forests (n=2 or 3 per life zone)@astures using 4 methods of
estimation (n=5 or 6 per life zone) in six life sn T-dry = Tropical dry forest; T-
moist = Tropical moist forest; T- wet = Tropical tferest; P-wet-warm = Tropical
Premontane wet forest-warm; P-rain = Tropical Pnetawoe rain forest; T-Im-rain =
Tropical Lower Montane rain forest.
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Appendix 20. Aboveground biomass (Mg organic métgrby ecosystem component
in pastures arranged in chronosequences for sixdihes in Costa Rica.

Life zone Age Trees Standing Grass/litte Downed woor Total

(yrs) shrub:  deac mear SE meat SE  abovegroun

Tropical dry fores 29 0.7 0.C 84 £ 1.2 0.6 £ 0t 9.7

43 0.C 0.C 115 + 1 0C + 0.C 11t

62 2.3 2.€ 10.7 + 1.2 0.1+ 0.1 15.€

>75(a 14 0.C 9.Cc £ 0.€ 0C + 0.C 10.t

>75(b 0.C 0.C 6.3 £ 1.2 0.C + 0.C 6.2

Tropical moist fore: 28 (a 33 0.C 104 £ 14 0.6 £ 0.2 44.¢

28(b, 54 0.C 17.2 + 34 1.2 + 0.7 23.¢

42 57 0.1 10.€ + 14 45 + 2€ 21.

>47 4.€ 0.C 48 + 2.2 0.C + 0.C 9.4

>69 0.C 0.C 7.C £ 1E 0C + 0.C 7.C

Tropical wet fores 2 133.¢ 5.3 17.€ £ 2.7 38.1 + 11.1 194.¢

8 11.: 14 58 + 1.1 34 + 1kt 21.¢

16 5.C 0.7 25 + 0.2 6.2 + 3.2 14.2

18 21.¢ 0.t 121 + 14 04 + 0.2 34.¢

35 194 11 10.C £ 1.7 124 + 6.2 42.¢

>3t 11.: 0.2 4.2 + 0.€ 13+ 1.2 17.C

Tropical Premontar 15 1142 46.4 16.z £ 1.7 33.4 + 19.¢ 210.2

wet forest-warn 20 0.C 0.C 147 £ 1.6 1.3+ 0.¢ 16.C

26 434 1.2 16.4 £+ 1. 178 + 52 78.4

40 222.¢ 0.C 84 + 0.7 3€ + 2.2 234.¢

50 1.C 0.C 17.t + 3.2 0C + 0.C 18.t

Tropical Premontan 1 1237 214 8.1 £ 0.7 61.€ + 17.€ 214.¢

rain fores 10 115.: 5.1 7€ + 1.2 43.C £ 9.€ 170.¢

25 163.¢ 15.2 6.2 + 0.7 23.1 + 9.3 208.1

45 24.F~ 2.2 6.¢ + 0.8 20.¢ + 1211 54.t

70 0.C 0.C 28 + 04 0t + 0. 2

Tropical Lower Montant 16 25.C 4.7 13t £ 1.3 5¢ + 3. 49.1

rain fores 28 11.¢ 2.1 17.C £ 1.8 6.C £+ 2. 37.C

32 12z 7.2 5.2 + 0.5 50 + 3.1 29.7

48 43.7 0.4 82+ 1.2 5. + 3. 57.¢

54 23.7 1.€ 9.2 + 1. 14.2 + 12.2 48.71

Labels (a) and (b) were used to distinguish betvtaerpastures with the same age within one
life zone.
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Appendix 21. Aboveground C stock estimates (Mg LCHyeecosystem component in
pastures arranged in chronosequences for sixdiiezin Costa Rica. a = Tropical dry
forest; b = Tropical moist forest; ¢c = Tropical wetest; d = Tropical Premontane wet
forest-warm; e = Tropical Premontane rain forest;Trropical Lower Montane rain
forest life zone.
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Appendix 22. Aboveground nitrogen stock estimakég N/ha) by ecosystem
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Premontane wet forest-warm; e = Tropical Premontameforest; f = Tropical Lower
Montane rain forest life zone.
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Appendix 23. Tree and shrub aboveground biomagd€l@imrganic matter/ha and % of
total) partitioned in pasture components in sixtga@schronosequences in Costa Rica
and mean = SE pasture biomass stocks by life zone.

Life zone Age Vines Trees 0-10 Trees 10-30 Trees > 30 Palms
biomass % of total biomass % of total biomass % @fitot biomass % of total  biomass % of total
(yrs) (Mg/ha) trees/shrub ~ (Mg/ha) trees/shrub  (Mg/hagdfehrub  (Mg/ha) trees/shrub  (Mg/ha) trees/shrub
Tropical dry forest 29 0.0 0 0.0 0 0.7 100 0.0 0 0.0 0
43 0.0 - 0.0 - 0.0 0.0 0.0 -
62 0.0 0 0.0 0 2.3 100 0.0 0 0.0 0
>75 (a) 0.0 0 0.0 0 14 100 0.0 0 0.0 0
>75 (b) 0.0 - 0.0 - 0.0 - 0.0 - 0.0 -
mean pasture + SE 0.0+00 0%0 0.0+x0.0 0z0 0.6 +Q00 + 0 00+00 0z0 0.0+0.0 0+0
Tropical moist forest 28 0.0 0 0.1 0 0.8 3 32.6 97 0.0 0
28 0.2 3 1.2 22 1.0 19 3.0 55 0.1 1
42 0.1 2 0.0 0 25 43 3.0 53 0.2 3
>47 0.0 0 0.0 0 4.6 100 0.0 0 0.0 0
>69 0.0 0 0.0 100 0.0 0 0.0 0 0.0 0
mean pasture + SE 01+00 1+1 03+02 25+19 08 33+18 7.7 £6.2 41+19 0.0 £0.0 1+1
Tropical wet forest 2 0.0 0 0.0 0 11.3 8 121.2 90 15 1
8 0.1 1 11 10 8.8 78 14 12 0.0 0
16 0.0 0 1.0 19 4.0 81 0.0 0 0.0 0
18 0.0 0 0.6 3 3.5 16 17.7 81 0.0 0
35 0.0 0 0.0 0 7.5 39 11.8 61 0.0 0
> 35 0.0 0 0.0 0 11.3 100 0.0 0 0.0 0
mean pasture + SE *0.0+£00 *0+x0 *05+02 *6+4 .0&15 *63+15 *6.2 +3.6 *31x170.0 +0.C *0+0
Tropical Premontane 15 3.9 3 0.0 0 5.7 5 104.8 92 0.0 0
wet forest transition 20 0.0 - 0.0 - 0.0 - 0.0 - 0.0 -
to basal 26 0.0 0 0.0 0 1.0 2 42.3 98 0.0 0
40 0.0 0 0.0 0 0.0 0 222.4 100 0.0 0
50 0.0 0 0.0 0 0.9 85 0.0 0 0.2 15
mean pasture + SE 08+08 1+1 0.0+0.0 O0=0 151+ 23+21 739 +41.: 58+24 0.0 £0.0 3+3
Tropical Premontane 1 0.0 0 0.0 0 3.1 2 120.6 98 0.0 0
rain forest 10 0.0 0 0.0 0 0.3 0 114.8 100 0.2 0
25 1.8 1 0.0 0 162.2 99 0.0 0 0.1 0
45 0.0 0.0 0 6.8 28 17.7 72 0.0 0
70 0.0 0.0 100 0.0 0 0.0 0 0.0 0
mean pasture + SE *0.5+£05 *0+x0 *0.0+0.0 *25+253 +40.( *32+23 33.1 £27.f *43+25'0.1 +0.1 *0+0
Tropical Lower 16 0.0 0 0.8 3 21.6 86 2.6 10 0.0 0
Montane 28 0.0 0 0.0 0 1.0 8 10.9 92 0.0 0
rain forest 32 0.0 0 0.5 4 2.0 17 9.7 80 0.0 0
48 0.0 0 0.0 0 25 6 41.2 94 0.0 0
54 0.0 0 0.0 0 0.5 2 23.3 98 0.0 0
mean pasture + SE 0.0+00 0+0 03+02 1+*1 540+ 24+16 175 +£6.8 75+16 0.0 +0.0 0+0

*Young pastures (1 and 2 years old) were not ineflith calculations of mean and SE.
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Appendix 24. Aboveground (a and b) and ecosysteandN stock estimates (c and d)
(Mg/ha) by pasture age in six life zones in CostaRT-dry = Tropical dry forest; T-
moist = Tropical moist forest; T- wet = Tropical tferest; P-wet-warm = Tropical
Premontane wet forest transition-warm; P-rain =pical Premontane rain forest; LM-

rain = Tropical Lower Montane rain forest.



169

Appendix 25. Pearson coefficients of correlationarious response variables an age,
elevation, temperature, and precipitation in 3%yras in six chronosequences along a
broad climatic gradient in Costa Rica.

Response variables Age Elevation Temperature Precipitat
%C grassl/litter -0.17 0.04 -0.09 0.17
%N grassl/litter -0.30 0.51 *¥**  -0.58 *** 0.74 ***
C:N ratio grass/litter 0.26 0.43 ** 0.5 *** -0.73 ***
Aboveground biomass stocks (Mg/ha) -0.51 *** 0.13 -0.26 0.44 **
Aboveground C stocks (Mg C/ha) -0.51 ** 0.13 -0.23 044
Aboveground N stocks (Mg N/ha) -0.55 *** 0.15 -0.25 0.6
Ecosystem C stocks (Mg C/ha) -0.57 *** 059 *** -0.73 *** 0.87 ***
Ecosystem N stocks (Mg N/ha) -0.45 ** Q.71 *** -0.83 *** 90 *rx

A Aboveground C stock (Mg C/ha) 0.04 -0.72 ¥ Q.73 ¥+ RB

A Aboveground N stock (Mg N/ha) -0.04 -0.70 ***  0.69 ***  0:52 ***
RelativeA aboveground C stock (%) -0.45 **  -0.03 -0.07 0.31*
RelativeA aboveground N stock (%) -0.47 *** -0.06 -0.03 0.28

A Ecosystem C stock (Mg C/ha) -0.36 *  -0.68 ***  0.58 ** 0:13

A Ecosystem N stock (Mg N/ha) -0.52 *** -0.02 -0.14 0.65 *
RelativeA ecosystem C stock (%) -0.65 ***  0.00 -0.18 0.58 ***
RelativeA ecosystem N stock (%) -0.63 *** 0.00 -0.17 0.71 ***

* P<0.10, *P < 0.05, ** P < 0.01,P-values are for two sides tests that the
correlation coefficient is not equal to zero.
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Appendix 26. Correlations of C:N ratio’s in littgrass samples of 31 Costa Rican
pastures and C:N ratio’s of mature reference fditst. T-dry = Tropical dry forest; T-
moist = Tropical moist forest; T- wet = Tropical tferest; P-wet-warm = Tropical
Premontane wet forest-warm; P-rain = Tropical Pratauoe rain forest; LM-rain =
Tropical Lower Montane rain forest.
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Appendix 27. Concentrations (%) of C and N, and 1@hbs in pasture litter/grass in six
chronosequences in Costa Rica.

Life zone Pasture age C N C:N ratio
(yrs)
Tropical dry forest 29 42.07 + 0.397 0.74 + 0.003 57.1
43 40.30 * 0.368 0.74 £ 0.008 54.6
62 44.79 +* 0.160 0.93 =+ 0.004 48.4
>75 (a) 40.98 * 0.090 0.93 =+ 0.013 44.2
>75 (b) 43.08 + 0.009 1.10 = 0.073 39.2
mean pasture 42.24 * 0.793 a 0.89 + 0.068 48.7
Tropical moist forest 28 (a) n.s. n.s. n.s.
28 (b) 40.40 = 0.193 1.09 = 0.017 37.1
42 38.97 + 0.233 1.43 = 0.020 27.2
>47 42.20 * 0.365 141 + 0.024 30.0
>69 4155 % 0.199 1.46 + 0.053 28.5
mean pasture 40.78 + 0.708 a 135 + 0.077 a 30.7 a
Tropical wet forest 2 44.42 + 0.295 1.38 + 0.054 32.3
8 43.96 =+ 0.150 1.33 + 0.021 33.0
16 41.58 =+ 0.347 1.48 = 0.012 28.0
18 41.06 * 0.305 1.32 + 0.032 31.2
35 42.30 * 0.376 1.64 =+ 0.025 25.9
>35 43.50 * 0.362 1.17 + 0.002 37.3
mean pasture 42.48 + 0.551 a 1.39 + 0.080 a 311 a
Premontane 15 42.28 * 0.364 1.31 + 0.035 32.3
wet forest transition 20 41.63 + 0.261 1.21 + 0.018 34.3
to basal 26 4253 * 0.482 1.43 + 0.015 29.8
40 42.87 + 0.030 1.17 =+ 0.014 36.6
50 40.76 * 0.242 1.32 = 0.015 30.9
mean pasture 42.01 + 0.372 a 1.29 + 0.044 a 328 a
Premontane 1 45.27 * 0.620 1.81 =+ 0.019 25.0
rain forest 10 43.21 * 0.430 1.61 =+ 0.039 26.9
25 4743 = 0.612 2.09 =+ 0.055 22.7
45 43.27 = 0.462 1.25 = 0.003 34.5
70 39.98 + 0.383 157 + 0.042 25.4
mean pasture 43.83 * 1.237 a 1.67 % 0.138 a 269 a
Tropical lower 16 34.72 + 0.451 1.47 + 0.067 23.6
montane rain forest 28 4578 + 0.583 142 + 0.054 32.2
32 n.s. n.s. n.s.
48 n.s. n.s. n.s.
54 40.80 * 0.338 1.68 = 0.073 24.3
mean pasture 40.44 * 3.198 a 1.52 =+ 0.061 a 26.7 a

n.s. = no sample availablkabels (a) and (b) were used to distinguish betweerpastures with the same age within
one life zone. Means for each life zone followedHwy same letter are similar to one another, miareach life
zone not followed by a letter indicates mediantfs life zone is different from all other life zes Pagjustea< 0.1).
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Appendix 29. Relativa (a-b) aboveground and (c-d) ecosystem C and Nk ¢86kin

six life zones in Costa Rica. Positive percentagéEate C gains and negative
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Tropical moist forest; T- wet = Tropical wet foreBtwet-warm = Tropical Premontane
wet forest-warm; P-rain = Tropical Premontane fanest; LM-rain = Tropical Lower
Montane rain forest.
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tool bias by pasture age in six life zones in C&3ta. T-dry = Tropical dry forest; T-
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Appendix 32. Absolute adjusteéd(a-b) ecosystem and (c-d) relative adjugted
ecosystem C and N stock estimates in six life zam€osta Rica. Positive numbers and
percentages indicate C gains and negative peraniadicate C losses due to forest-to-
pasture conversion. T-dry = Tropical dry forestmbist = Tropical moist forest; T- wet

= Tropical wet forest; P-wet-warm = Tropical Prertaore wet forest-warm; P-rain =
Tropical Premontane rain forest; LM-rain = Tropitawer Montane rain forest.



Appendix 33. Life zone, location, elevation, anidnete data of croplands sampled in Costa Rica.

Elevation Precipitatiol Temperatur

Landuse Life zone Site# (M) (mm/year) (°C) Latitude- Nngitude-W Management
Banana  Tropical moist forest 224 43 2622 25.4 9.7225 guh9
225 44 2622 25.4 9.7340 -82.9988
22¢€ 36 270C 25t 9.875( -82.997-
227 27 270C 25t 9.8741 -82.996(
Tropical Premontane 222 97 370( 25.1 10.344: -83.744° No apperent differences in management, no
wet forest-warm 23C 53 370C 25.4 10.191° -83.467¢ trees. well established '
229 57 3750 25.3 10.2023 -83.4825 '
221 57 3925 25.3 10.4757 -84.0069
Tropical wet forest  22C 55 392t 25.4 10.475! -84.012(
22¢ 59 402t 25.2 10.463: -83.956¢
223 94 4107 25.1 10.335¢ -83.871¢
Coffee Tropical Premontane 218 984 2400 21.7 9.9105 -89.28Mixed trees > 5 yrs
wet forest 219 1000 2400 21.6 9.9108 -84.2802 No trees
21€ 1282 360( 18.¢ 9.9041 -83.752(  No tree:
217 122¢ 380( 19.1 9.920¢ -83.731. Trees > 4 yrsEucalyptus)
211 1067 300c 21z 10.084( -84.294: Trees > 10 yrsinga)
212 107& 300c 21z 10.086: -84.295: No tree:
210 1119 3080 20.9 10.1000 -84.2883 Coffee & tréega)) = 2 yrs, organic
213 1465 3500 18.9 10.1453 -84.3283 Trees > 10Bmglfrina)
Tropical Premontar 214 75E 510z 214 10.293¢ -84.183° Coffee & mixed trees < 3 yrs, orga
rain fores 21E 801 510¢ 21.2 10.305° -84.188! No trees, coffee > 10 yrs, 2 yrs abandc
Sugarcan Tropical Premontar 201 36 1652 27.€ 10.411° -85.178: Machine harvest, cane-rice rotal
moist forest-warm 202 36 1652 27.6 10.4117 -85.1784 &ineanual harvest, cane-rice rotation
20C 24 166( 27.€ 10.386:¢ -85.203¢ Machine harvest, cane-rice rotat
203 24 166( 27.€ 10.386:¢ -85.203¢  Fire & manual harvest, cane-rice rota
Tropical Premontar  20% 107t 300C 21.2 10.086: -84.295: Manual harve:
wet fores 204 120z 3097 20.4 10.108¢ -84.286. Manual harve:
20¢€ 146% 350(C 18.¢ 10.145! -84.328. Fire & manual harve
207 1554 3500 18.4 10.1509 -84.3291 Fire & manual harvest
20¢ 121¢ 380( 19.1 9.921¢ -83.733¢ Manual harve:
20¢ 129¢ 360( 18.7 9.910¢ -83.742. Fire & manual harve

" Climatic data are annual means.

LT
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Appendix 34. Sampling design banana, coffee andrsage plantations
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Appendix 34 (continued). Sampling design banantiee@nd sugarcane plantations
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Appendix 35. Ecosystem C stocks for pastures y@ar29), sugarcane (n = 10),
coffee (n = 10), and banana plantations (n = 1§ Aorizontal bar indicates mean
ecosystem C stock by land use and dashed linesstineates assumed for ecosystem
C stocks (97 and 79 Mg C/ha) 20 years after mdtusst-to-agricultural conversion
by Houghton and Hackler (2001).
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Appendix 36. Aboveground and soil C stock estimatjasted for potential sampling
tool bias in croplands and differencég petween cropland and mature forest stocks by
life zone in Costa Rica.

Adjusted Adjusted
Land us Life zone Site # Aboveground C soil C A Aboveground CA Soil C A Ecosystem Gi*
Banana Tropical moist forest 224 8 128 -115 19w -96 5
225 9 149 -114 ** 39 * -75 5
226 7 181 -115 S & R -44 5
227 7 209 -116 ** Q9 ** -17 5
Tropical Premontane 222 8 143 -130 -57 -186 3
wet forest-warm 230 7 140 -131 -60 -190 3
229 9 153 -129 -47 -176 3
221 11 174 -127 -26 -152 3
Tropical wet forest 220 10 181 -178 -23 -201 3
228 8 136 -179 -67 -247 3
223 8 187 -180 -17 -197 3
Coffee Tropical Premontane 218 22 290 -122 119 -3 1
wet forest 219 17 471 -128 300 173 1
216 10 373 -211 2 -208 3
217 58 795 -163 424 261 3
211 28 185 -193 -186 -378 3
212 7 358 -214 -13 -226 3
210 4 198 -217 -172 -389 3
213 26 304 -195 -66 -261 3
Tropical Premontane 214 16 287 -196 -71 -268 2
rain fores 21t 13 40¢ -19¢€ 51 -14¢ 2
Sugarcane Tropical Premontane 201 22 130 -4 ek g ke 50 3
moist forest-warm 202 17 125 W4T e ] W -60 3
200 22 153 -42 k15 ke -27 3
203 16 14k -48 o 7 e -41 3
Tropical Premontane 205 21 376 -200 5 -194 3
wet forest 204 29 393 -192 23 -169 3
206 28 330 -193 -40 -233 3
207 22 25C -19¢ -121 -32C 3
208 28 568 -192 197 5 3
20¢ 3C 242 -191 -12¢ -32C 3

*n= sample size of reference mature forests. **dRefice forests are in Pacific zone
which has distinct annual dry season, while bamdawatations are in Caribbean zone
without a strong dry season. ***Reference forestra@arby but classified as Tropical dry
forest life zone.



Appendix 37. Comparison of ecosystem C stock eséisna agricultural lands for the eight life zomeduded in this study versus
those based on Houghton & Hackler (2001).

Our study* Houghton & Hackler**
Pasture Crop Total Pasture Crop Total

Tropical dry forest 5,612,532 5,612,532 6,775,738 6,735
Tropical moist forest 38,121,631 6,402,721 44,524,352 9,455,499 3,570,429 43,025,928
Tropical wet forest 64,314,853 4,766,248 69,081,101 1&1542 2,819,888 33,981,430
Premontane moist forest-warm 21,050,195 4,441,261 92986 25,412,882 2,299,677 27,712,559
Premontane wet forest-warm 113,031,627 7,694,728 28(B%6 42,680,838 3,862,298 46,543,136
Premontane wet forest 92,339,573 92,339,573 23,385,011B,385,010
Premontane rain forest 28,453,325 2,640,056 31,093,381 9,821,966 888,815 10,710,781
Lower Montane rain forest 7,650,500 7,650,500 2,628,45 2,623,457

Total included in this study

278,234,663 118,284,5886,319,251

157,931,922 36,826,116 194,758,038

* Estimates based on our study were calculatedyusisults in Table 4.2.

** Estimates based on Houghton and Hackler (2001) eadcalated by assuming all agricultural lands os@ Rica were classified as Tropical
seasonal forest: ecosystem C stock in pastures3vekég C/ha and croplands 79 Mg C/ha. Land area td&en from Appendix 32.
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Appendix38. Comparison of soil C stock estimates (Mg Cihagricultural lands for the eight life zonesluded in this study
versus those based on Houghton & Hackler (2001).

Our study* Houghton & Hackler**
Pasture Crop Total Pasture Crop Total
Life zone Mg C Mg C Mg C Mg C Mg C Mg C
Tropical dry forest 5,289,868 5,289,868 6,077,208 6,209
Tropical moist forest 34,329,872 6,050,743 40,380,615 5,387,922 3,344,452 38,732,374
Tropical wet forest 60,331,315 4,463,177 64,794,492 943012 2,641,414 30,590,426

Premontane moist forest-warm 19,840,025 3,881,546 22F%K71 22,792,997 2,154,127 24,947,125
Premontane wet forest-warm 89,890,256 7,260,128 973830 38,280,752 3,617,849 41,898,600

Premontane wet forest 85,410,296 85,410,296 21,904,944 ,904,946
Premontane rain forest 23,208,192 2,476,180 25,684,372 8,809,392 832,561 9,641,953
Lower Montane rain forest 7,088,156 7,088,156 2,352,99 2,352,997

Total included in this study 239,977,685 109,542,07@9,319,755 141,650,280 34,495,349 176,145,630

* Estimates based on our study were calculatedgusisults in Table 4.2.
** Estimates based on Houghton and Hackler (2001) eadcallated by assuming all agricultural lands osfa Rica were classified as Tropical
seasonal forest: soil C stock in pastures were § Cllha and croplands 74 Mg C/ha. Land area datantitkm Appendix 32.
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Appendix39. Comparison of ecosystexC stocks (Mg C/ha) in agricultural lands for thghe life zones included in this study
versus those based on Houghton & Hackler (2001).

Our study* Houghton & Hackler**
Pasture Cropland Cropland Total

Tropical dry forest -8,205,216 -8,205,216 -9,849,268 ,849,268
Tropical moist forest -44,826,081 -44,826,081 -57,352,838
Tropical wet forest -37,072,597 -6,498,225 -43,570,823 -45,296,675 -5,675,470 -50,972,144
Premontane wet forest-warm -21,683,767 -8,433,408 -62,041,218 -7,773,486 -69,814,704
Premontane wet forest -57,506,015 -57,506,015 -470386, -47,066,033
Premontane rain forest -13,710,250 -2,042,783 -14,277,291 -1,788,880 -16,066,171
Lower Montane rain forest -6,436,162 -6,436,162 -3,813,479
Total included in this study -131,934,072 -74,480,431206,414,504 -192,630,769 -62,303,869 -254,934,638
* Estimates based on our study were calculatedgusisults in Table 4.2.

** Estimates based on Houghton and Hackler (2001) eadcallated by assuming all agricultural lands osfa Rica were classified as Tropical
seasonal forest: ecosystem C stock losses in pastuare -141 Mg C/ha and croplands -159 Mg C/hadlzaea data taken from Appendix 32.
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Appendix40. Comparison of soll C stocks in agricultural lands for the eight kfenes included in this study versus those based on
Houghton & Hackler (2001).

Our study* Houghton & Hackler**

Pasture Cropland Total Mg C Pasture Cropland Total Mg C
Life zone Mg C Mg C Mg C Mg C Mg C Mg C
Tropical dry forest -2,392,591 -2,392,591 -768,383 -368
Tropical moist forest 2,514,843 2,514,843 -4,474,335 474,335
Tropical wet forest 19,789,185 -110,410 19,678,776 33,883 -856,675 -4,390,458
Premontane wet forest-warm 18,276,157 -2,125,848 06316 -4,840,095 -1,173,356 -6,013,451
Premontane wet forest -4,144,179 -4,144,179 -7,104,307 -7,104,307
Premontane rain forest 2,571,938 177,319 2,749,256 1318381 -270,020 -1,383,851
Lower Montane rain forest -243,705 -243,705 -297,505 97;205
Total included in this study 40,515,827 -6,203,118 332,709 -15,027,932 -9,404,358 -24,432,290

* Estimates based on our study were calculatedyusisults in Table 4.2.
** Estimates based on Houghton and Hackler (2001) eadcailated by assuming all agricultural lands os@ Rica were classified as Tropical
seasonal forest: soil C stock in pastures werdvid C/ha and croplands -24 Mg C/ha based. Landtakesn from Appendix 32.

G8T



Appendix 41. Estimates of agricultural land arefusted ecosystem and soil C stock estimates amddianges/A) due to forest-
to-agriculture conversion for the eight life zorsasnpled in our study.

ha Mg C/ha
Area Pasture> 8 years Cropland
Non-forested C stock A C stock C stock A C stock
Life zone Costa Rica  in 2005 Pasture* Croplandcosystem  Sdicosyster | Sécosystensoll Ecosyste®oil
Tropical dry forest 116,140 69,853 69,853 0 86 82 -133 -52
Tropical moist forest *** 714,962 451,953 406,758 4%H19 111 102 -115 1 174 166  *** rxk
Tropical wet forest 832,934 356,948 321,253 35,695 262 9 24 -128 a7 176 168 -215 -36
Premontane moist forest-warm** 471,897 291,098 261,9829,110 86 82 *x *x 157 138 *x *x
Premontane wet forest-warm 706,880 488,898 440,009 9@8,8 291 238 -54 38 162 153 -176 -47
Premontane wet forest **** 429,002 296,013 0 296,013 390 367 -225 -32
Premontane rain forest 437,216 112,508 101,257 11,251 6 35304 -213 -53 363 348 -208 -10
Lower Montane rain forest 334,869 27,046 27,046 0 344 323-300 -69
Total included for C stocks 4,043,900 2,094,318 1,628, 466,153

Total included foA C stock: 3,572,003 1,803,219 1,366,176 391,848

* We assumed0% of agricultural land is in pastureB yearsand 10% in croplands within each life zone, uniesseport ndC stock and\
C stock data for pastures or croplands. ** We agsiithat soilC stocks in pastures in the Tropical Premontanistrfarest-warm life
zone is similar to pastures in the Tropical dryefaiife zone, which is a conservative estimat&.\We excluded\ soil C stocksn croplands
in the Tropical moist forest life zone due to &la€ reference mature forest data. **¥We excluded two coffee plantations with
exceptional high\ soil C stocks when calculating mearecosystem and soil C for the Tropical Premontaeefarest life zone
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