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Naturally regenerating tropical forests are increasingly important for their role in the global
carbon (C) balance, particularly due to their ability to rapidly sequester large amounts of C in
aboweground biomass during forest regrowth. Over half of &fl opical forests is stored
belowground, yet in contrast to the predictable pattern aboveground, there is no clear pattern
of soil C accumulatiowith time during forest regrowth, and we are thére currently unable

to predict and increase soil C segtration during tropical forest regrowtBoil Cturnover and
storage dependsn the inputof plant-derivedorganic mattemwhichis likely to be affected by
shifts in tree community resouraese stategy (functional group) during secondary succession
from light-demanding to shadtolerant species, and the corresponding reduction in litter
guality. As tree community composition can diffietween forest stands of similar agds
hypothesised thatree community functional composition would better predicil €adynamics
during secondary tropical forest succession than stand agepauifically, that differences in
litter quality between shadeolerant and lightdemanding tree species would influeneges

of soil C turnover via litter decay rates and chartgethe soil microbial community. The body

of work presented in this thesmovides compelling evidence in support of rayerarching
hypothesis thasoil C accumulation is more closely relatettée functional composition than
forest age. My studies dfilight some of the potential pathways by which tree community
composition can influence soil C storage via pli@nived organic matter inputs representing
substrate for the soil microbial communi Overall, the research presented in this thesis
demonstates that tree functional composition could be one of the main factors determining
belowground C storage and thereforey mworkrepresents an importantirst step towards

using tree functional grgs to predict soil C accumulation in secondaypicalforests
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Table 2.1Stand and soil characteristics for a chronosequence of 10 forest stands in Panama,
Central Americ&ubscript numbers indicate the data source, where Oenslow and

Guzman (2000) and 2 = The geological composition of the Panama Canal Watershed (STRI
ISR = oTo] =1 10] oY) FRT TP PP P PP P PP P PP PPRPPPPPPPPI 33

Table 2.2General changes in foliar traits during succession in tropiegtfonodified from
Chazdon (2014)......ccoooeeeeeee e ommm e 35

Table 2.35rowth response categories for tree species along aigegient of lowland tropical
forest sites in Panama Central America, based on tree segimggment with increasing
light (modified from Ruger et al. 2009).............uuuuummimmmimmmeiiiiiiiiii e 36

Table 2.4Vlean soil values per age class for: C and N concentration (%), C:N ratio and pH plus
standard error at three deptintervals (610, 1620 and 2630 cm) sampled from 4 blocks
in each of two replicate stands in five age classes, in a chronosequence of naturally
regenerating tropical forest in Panama, Central America. Means and standard errors are
given forn = 8 (4 x eplicate blockper stand, 2 x stands per age class). Different super
script letters indicate significant differences among forest age classps<af.05
determined by ANOVAS with Turkey gust comparisons and correction for multiple

(o010 9] =T 1] o TN TR A8

Table 3.1Stand and soil characteristics for subset of four secondary forest stands (40, 60, 90
years old and OG) in Panama, Central America usditér decomposition experiment;
where RI ACCrelative abundance of accelerating growth tree species, RI DEC = relative
abundance of decelerating growth tree species, BA = total tree basal area, C = total soll
carbon, N = total soil nitrogen, C:N =bwmar.nitrogen ratio and pH = soil pH. Soil
characeristics are given as means and standard error for n =8 @&t sampling depth.
Superscript numbers indicate the data source, where 1 = The geological composition of
the Panama Canal Watershed (STRL&i&atory), 2 = Denslow and Guzman (2000), and
3 = Chapter 3 of this thesis. Different supeript letters indicate significant differences
among forest age classes at p < 0.05 determined by ANOVAS with Turkbgcpost

comparisons and correction for niple COMPAariSONS..............uuvuueiiiiirmmemereeenennnnnnd 61

Table 3.2Selected functional characteristics of four tree species used to create three

functionally distinctlitter treatments (ACC, DEC and MIX) for a litter decomposition



experiment in the BCNM Panama, Central Amewnbare; mean (b) = species specific
light effect parameter indicating either accelerating or decelerating growth (>1=
accelerating growth (AC&J1 = decelerating growth (DEC), SLA = specific leaf area, LDMC
= |eaf dry matter content. Data source indicatdthwsuperscript 1 = Ruget al, (2009),

and superscript 2 = S.J. Wright al (2012) accessed from the TRY Database
(L o T £ AT | o o] o | OSSN 66

Table 3.3Treatments used in a decomposition exment in Panama, Central America,
showing the proportions and total dry weigky) ©f each litter type in three functional
litter treatments, and the total dry weight of litter for natural litter and standard litter

LT L 0TS 15 a7

Table 3.4Litter properties from three functional litter treatment mixtures and a standard litter
treatment used in a decomposition experiment in the BCNM, Panama, Central America;
where ACC = ligltemanding (accelating growth) specie DEC = shadelerant
(decelerating growth) species, MIX = mixture of Jighbhanding and shad®lerant
species, and STD = nfmmest standard litter treatment. ADF = acid detergent fibre, NDF
= neutral detergent fibre, TC = totahribon, TN = total trogen, CN ratio =
carbon:nitrogen, L:N ratio = lignin:nitrogen. Litter properties given as means and standard
errors forn=5 (TC, TN, C:N ratiox 3 (P, K, Mg, Na, Ca, Fe, @r)2 (ADF, NDF, S) and
n=1 (lignin, L:N ratio) ifierent superscript letters indicate significant differences among
litter treatments atp < 0.05, determined by ANOVAs with Tukey-hostcomparisons
and correction for multiple comparisons. STD treatment consists of singleespe

Baccharum spontaneu@see table 3.3 for species and treatment descriptions...75

Table 3.8.itter decay rateskf for three furctional litter treatments and two standard litter
treatments across an age gradient afrftropical forest stands (40, 60, 90 year old SF and
OG) after five months of a litter decomposition experiment in the BCNM Panama, Central
America; where DEC = shadterant (decelerating growth) species litter, ACC =-light
demanding (accelerating grawt species litter, MIX = mixture of decelerating and
accelerating species litter, NAT = stand specific natural litter and STD-ferestn
standard litter. Litter degarates k) given as means and standard error for n= 5.
Significant differences betweetanads indicated with uppercase superscript and between
litter treatments (excluding STD) with lowercase superscript determined by Jastey

hocanalyses ab < 0.05. ... oo i e 78
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Table 4.1 Tree communitymetrics, metrics representing soil C turnover, soil chemical
properties and microbial community metriésr four tropical forest stands along a
successional gradient in Panama, Central America; where 40Y, 60Y and 90Y denote the
estimated stand age in yegarand OG Is olgrowth forest, where Meah = mean growth
response value to increasing light; RI DE€lative influence of shadmlerant species
and Rl ACC = relative influence of fdgrhanding species, &Ry = mean total soil
respiration. Total sbiespiration and decay rate measurements are from a separate study
(Chapter 4). Means and standard esr@re given fon = 4 replicate blocks; significant

differences among stands based on guost tests are indicated by different superscript

Xi
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Figure 2.1Map of the Barro Colorado Nature Monument (BCNM), showing the approximate
location of 10 forest stands, two in each of five age clas€e$04 90 and 120 year old
secondanyforest (SF), and two ofgrowth (OG) stands, in a chronosequence of naturally

regenerating tropical forest in Panama, Central America.............coovvvvvceeennneennnn. 33

Figure 2.250il carbn content at: a) €80 cm depth in each of the ten chronosequence stands,
grouped by age category, and b) mean values per age class from three depth increments
(dark blue = @40 cm, green = 100 cm, yellow = 280 cm). And soilatbon stock
estimates (Mgha?) at: ¢c) @0 cm depth in each of the ten chronosequence stands,
grouped by age category, and d) mean values per age class from two depth increments
(dark blue =40 cm, yellow = 220 cm) across an age gradient of lowlamgbical forest
sites in Paama, Central America. Boxes denote the 25th and 75th percentiles and median
lines are given far=4 (a and c¢) ana= 8 (b and d from two stands per age class), whiskers

indicate values up to 1.5x the interquartile range, and dots indicate outliers......41

Figure 2.35tand mean soil carbon concentration with increasing stand basal area (m2 ha 1) in a
chronosequence of lowland tropical forest Panama, Central America, showing soil carbon
concentratians at three depth increments-D cm, 1620 cm, 2630cm) Points represent
mean forn = 4, shaded area denotes 95% confidence interval from linear model (

fUNCLION) PrediClioN........cvvvviiiiiiiiiiiiiii e A2

Figue 2.43and mean soil carbon concentration with an increasing relative influence of: (a)
accelerating species, (b) decelerating species, and (c) the ratio between accelerating and
decelerating species, atl® cm, 1620 cm and 2680 cm soil depth incremés in a
chronosequence of lowland tropical forest in Panama, Central America. Points represent
mean forn = 4, shaded area denotes 95% confidence interval from linear model (

118 1o 10T ) I o (=T 1o ] o TR 7

Hgure 2.5 Estimates of stand mean soil carbon stocks (Mg ha @&6d 1620 cm depth
with the increasing relative influence (RI) of a) ACC species, b) DEC species and, c) DEC:ACC
species in 10 stands of a chronosequence of naturally regeneratiagdowdpcal forest
in Panama, Central America. Points represent meam=o#, shaded area denotes 95%

confidence interval from linear modéin(function) prediction................cccccceeevee e, 45
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Figure 2.6Soil carboncontent along an increasing soil pH gradient from 10 stands in a
chronosequence of naturally regeneratitayvland tropical forest in Panama, Central
Americaat 0-10 cm, 1820 cm and 280 cm depth in@ments. Points represent mean
for n = 4, shaded areaethotes 95% confidence interval from linear modhalf(inction)

[T £=To [T 1o o T 46

Figure 3.1 eaves, flowers, fruit and trunk of the four tree speciesughea seemannib)
Miconia argenteac) Praium panamensend d)Tetragastris panamensisvhich were
selected to represent a,b) ligdemanding trees common in young secondary trlpic
forest stands and c,d) shatlderant trees older secondary forest and old growth tropical

forest stands, in Panaan Central America. Source: (Condit, Pérez and Daguerre, 2011).

Figure 3.2S0il mesocosms in of one of five replicate blocks, used for a litter decomposition
experiment across an age gradiénfour forest stands of naturally regenerating tropical

forest in the Barro Colorado Nature Monument, Panama, Central America........ 69

Figure 3.FExperimental mesocosm showing the mesh basket whaheal the removal of the
contained litter treatment for mass loss and sedlpiration measurements during a litter
decomposition experiment in the Barro Colorado Nature Monument, Panama, Central

YA 0 g T<T (o7 TR 70

Figure 3.4Litter mass loss (%) of two litter treatments after five months of a litter
decomposition experiment across an age gradient of four naturally recovering tropical
forest stands in the BCNM Panama, Central Americafdvest standad litter (STD¥
yellow, stand specific natural litter (NAT) = dark blue. Boxes denote the 25th and 75th
percentiles and median lines are givenrer 5, whiskers indicate values up to 1.5 x the

interquartile range, and dots indicate OULIIEIS.............ccoviimmmeiiiiiiiis 17

Figure 3.8.itter mass loss of three functionally distinct litter mixtures after five months of
decomposition across an age gradient of tropical foreBamama, Central America; ACC
= lightdemandingaccelerating growth species (red), DEC = shaldeant, decelerating
growth species (green), and MIX = a mixture of-tightanding and shad®lerant
species (blue). Boxes denote the 25th and 75th pettesrdind median lines are given for
n = 5, whiskes indicate values up to 1.5 x the interquartile range, and dots indicate
outliers. See table 4.2 for treatment descriptions. 40Y, 60Y and 90Y refer to stand ages

(years since last disturbance), OG refemsldogrowth, undisturbed forest............... 79
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Figure 3.650il respiration during six months of a litter decomposition experiment across an age
gradient of four naturally regenerating tropical forest stands in Panama, Central America;
OG = red squares, 96Yolive green circles, 60Y = turquoise blue trianglds 4BY =
purple diamonds. Separate figures show a) belowground respiratignf@R the bare
soil control (CTL) treatment, b) total soil respiration (SR) from the decompositiort of non
forest standrd litter (STD) treatment and c) total soil respirafiom the decomposition
of natural litter (NAT). Means and standard errors are showm=#d per time point. Full
six months respiratiodata shown but active litter decomposition commenced in June,
hence respiration data from May was excluded from aealyer the STD and NAT

L= L 0TS 155 81

Figure 3.7Mean soil respiration (SR) of three functional litter mixtures:-tightanding,
accderating growth species (ACC) = red squares, st@eent, decelerating growth
species (DEC) = green circles, and a mixture otiéghéinding and shad®lerant species
(MIX) = blue triangles (see table 4.2 for description), from four forest standsinegas
over six months of a litter decomposition experiment in the BCNM Panama, Central
' YSNAOF® 52030G8R tAySa AYyRAOFGS WSINIeQ FyR R
stages. Full six months respiratitaia shown but active litter decomposition conmed

in June, hence respiration data from May was excluded from analyses............ 82

Figure 3.8Comparison of total soil respiration (SR)imyrthe decomposition for three
functionally different tree littemixtures: lightdemanding species (ACC) = red squares,
shadetolerant species (DEC) = green circles, and a mixture of ACC and DEC (MIX) = blue
triangles, among three stands of naturallyaeering tropical forest (aged, 40, 60 and 90
years) and an old grdtv stand, measured over six months of a litter decomposition
experiment in the BCNM Panama, Central America. Full six months resgatishown
but active litter decomposition commencedJune, hence respiration data from May was

excluded from @NAIYSE...........euiiiiiiiiiiiii i eeee ettt aeee e aan 83

Figure 3.%50il respiration from three functional litter treatments during six months of a litter
decomposition experiment across an age gradient of four naturally regenerating tropical
forest stands in Panama, Central America; OG = red squares, 90Y = oliveagee@Y
= turquoise blue triangles and, 40Y = purple diamonds. Separate figures show a) litter from
light-demanding, accelerating growth species (ACC), b) litter from -$bladant,
decelerating growth species (DEC) and c) mixed litter fromdgghtirding and shade

tolerant species (MIX). Means and standard errors are showrférper time point. Full

Xiv Abby Wallwork - January 2021




six months respiration data shown but active litter decomposition comadeimcJune,

hence respiration data from May was excluded from analyses.........ccccccceeveeeee.. 85

Figure 3.10Mean litterderived respiration (gRfor three functional litter mixtures: light
demanding, accelerating gmh species (AC) = red, a mixture of lighemanding and
shadetolerant species (MIX) = blue. and decelerating growth species andtsherdat
(DEC) = green, across an age gradient of four naturally regenerating tropical forest stands
measured at two deompositonstd SayY W9l NI 8Q oWdzyS FyR wdz &0
October) during a litter decomposition experiment in the BCNM Panama, Central America.
40Y, 60Y, 90Y and OG refer to stand ages. Boxes denote the 25th and 75th percentiles and
median lires are given fon = 10, whiskers indicate values up to 1.5 x the interquartile

range, and dots indicate OULHEIS............oooiiiiiii i 86

Figure 4.1S0il sampling desigor microbial analysis on two spatial scates chronosequence
of secondary tropical forest in Panama, Central America: a) samples collected along one
160 m transect (10 stands x 4 blocks = 40 samples in total) and b) samples collected from
four (20 x20 m) sample blocks spaced at least 20 m apaatsubset of four stands (4

stands x 4 blocks x 4 samples = 64 samples intatal)..............ccooeceeeeeeeeeeeeee, 99

Figure 4. 2NMDS representation of soil microbial community composition in 10 forest stands
along an age graeht of naturally regenerating tropical forest; ordinations were based on
BrayCurtis dissimilarities of phospholipfiatty acid (PLFA) biomarkers in soil samples
collected at @10 cm from four blocks in two stands in each of five age classes: 40 year old
(40Y; blue diamonds), 60 year old (60Y; green triangles), 90 year old (90; orange dots),
120 year old (120Y; small roan dots) and olgjrowth (OG; > 500 year old; red squares)
forest stands in Panama, Central America. Ordinations were based ayCBtesy

dissimilarities and hulls group samples within age classes.............ccccccceeee.. 104

Figure 4.3RRelationship between soil microbial biomass and tree community shade tolerance in
10 forest stands of five age classdsng a gradient of naturally regenerating tropical
forest in Panama, Central America; where microbial biomass is represented by total
phospholipid fatty acids (PLFA) in soils sampled-181 6m, and shad®lerance is
represented by the ratio of shadelerant to lightdemanding tree species at the stand
level(0.32 ha); the forest age classes comprise: 40 year old (40Y; blue), 60 year old (60Y;
green), 90 year old (90; orange), 120 year old (120Y; maroon) agmuith (OG; > 500
[VL=L= L0 [ N =T ) 105
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Figure 4.ANMDS representation of soil microbial community composition in four forest stands
along an age gradient of naturally regenerating tropical forestin Panama, Central America;
ordinatons wee based on Bra@urtis dissimilarities of phospholipid fatty acid (PLFA)
biomarkers in soil samples collected frordin in four blocks per stand, where 40 year
old (40Y; blue diamonds), 60 year old (60Y; green triangles), 90 year old (90Y; orange
circleg and old growth (OG; > 500 years old; red squares) forest stands. Significant (p <
0.05) relationships between ordination axes and soil properties or tree functional
characteristics (at 20 fnadius) are fitted as vectors (black arrows), whereBRl.Bhe
relative influence of shadmlerant (decelerating growth) tree species (%) per block,
MEAN.B is the block mean species growth response to increasing light, pH is soil pH, TC is
total carbon (%) and TN is total soil nitrogen (%); ellipses glackshithin stands based

0N 99% CONFIdENCE INTEIVAIS. .. ...ee it et eaaens 108

Figure 4.5Soil microbial biomarker groups from PLFA analysis alongessional gradient of
four forest stands (40 year old, 60 year old y@ar old and OG = efgowth (>500 year
old) forest) for a) total microbial biomass, b) total fungal biomass, c) the relative
abundance of arbuscular mycorrhizal fungi (AM fungi), e)dtio between fungi and
bacteria, e) the relative abundance of grapgative bacteria, f) the relative abundance
of grampositive bacteria, and g) the ratio between grpositive and granmegative
bacteria. Soil was sampled frorb@m depth, PLFA datam each replicate block were
combined resulting im = 4 per stand.Significant differences among stands were
determined by Tukeposthoc analyses and indicated by different letterspat 0.05.
Boxes denote the 25th and 75th percentiles and melitias, whiskers indicate values up

to 1.5 x the interquartile range, andtd indicate outliers.............ccccoooeeviivvceeennnnn. 110

Figure 4.6Relationship betweea) total soil microbial biomass and b) total fungal biomass and
blockmean tree community growth response to light (méaRigeret al, 2009) in four
forest stands in a tropical forest in Panama, Central America; where microbial biomass is
represented byotal phospholipid fatty acids (PLFA) in soils sampled ain® and stands

are represented by age (years since last disturbance enen©G = olgrowth forest).
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1 Introduction

1.1 The new normal - regenerating tropical forests

¢tKS $2NXRQA Yyl ddaNIt SO2aeaidsSvya INB OKFIy3Iay3ao
environment to such an extentlthi. dzy RA &G dzND SR WLINAAGAYSQ 2NJ WA
a rarity and humamodified landscapes, in a myriad of condition# mmminate much of the
planet(Foleyet al, 2005) As the human populaticand patterns of consumptiorontinues to

expand, ad the drivers of environmental change persist, human modified landscapes will
become increasingly important as the primary prekgdof global ecosystem services (ESS)

Tropical forests in particular are being modified by human activities at an alarateng r
(Chazdon and Guariguata, 2016; FAO, 2018)

To understand how changes to natural ecosystemght affect the cycling of matteand
energy and the wider implications of this, there is a pressing need to advance scientific
knowledge a ecosystem functiadngin a changing world. Global carbon (C) cycling and its role
in climate change, is high on the agenda as a research prinasg notablyin the globally
extensive and rapidly changing tropical forest ecosysté¢ms, 2018)A comprehensive,
mechanistt understanding of C cycling and storagerapical forestsundergo change is
essentiato improve model predictions (Box it)form policies and practices to halt the release

of carbon dioxide (AP and help mitigate the effects of climate change through

sequestration
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Box 1. Emissions from land use change (ELUC) represent one of the key areas of uncertainty in the
global C budget, which is currently estimated at 1.5 +0.7Gt C yr ! (Friedlingstein et al, 2019), and a
significant of this is occurring in the tropics. ELUC uses land-use and land-use change data, bookkeeping
models and dynamic global vepgetation models (DGVME) to estimate the net CO; flux (emissions and
remowvals) from land use, land use change, and forestry, which includes deforestation, afforestation,
logging and forest degradation, shifting cultivation, and regrowth of forests following wood harvest or
abandonment of agriculture (Friedlingstein et al., 2015). The high uncertainty for ELUC is due to a range
of factors including inconsistencies between the bookkeeping models and the DGVYMSs, difficulties in
gquantifying some of the processes in DGVMSs, and uncertainties in above- and belowground C stocks
and fluxes (Friedlingstein et al., 2015). Therefore, improving our understanding of C fluxes between
tropical forests and the atmosphere during land-use change is essential in order to reduce uncertainty
and improwve global C models which in turn can better inform policies and practices to halt the release

of COz and help mitigate the effects of climate change.

1.2 Growing importance of secondary tropical forests for global
carbon balance

Although tropical forests occupyseall fraction ofotal land surface, they lay a leading role

in helping maintain life on Eartthey are estimated to suppioaround half of all species and
are key players in climate regulation, most notably for their crucial contribution to global
terrestrial C storage and dynami&snet al, 2011; Townsendt al, 2011; Martin, Bullock and
Newton 2013; AndersoiTeixeiraet al, 2016 hFGSy RS&aONA O SR Fa GKS Wi dz
tropical forests function as the largest component of the terrestrial G askhey are
responsible for around 40% of net primary production (NFRevelancdt al, 2011) and store

c. 45% ofterrestrial C(AndersorTeixeiraet al, 2016) sequestering around half of global
anthropogenic C&emissiongYin, Wu and Li, 2018Jheyare also the largest natural source of
CQ (Sayeret al, 2011)returning C to the atmogyere viathe decompositioror burning of
organic matter Hence, tropical forests play a key role in the global C cycle via major
bidirectional transfer of Gvith the atmosphere, and until recently, tropical forest ecosystems

represented the most importanerrestrial C sink.

Overthe last two decades, human activities have turned tropical forest regions from a C sink
into a source of C@missiongMalhi, 2010)Deforestation and landse changeuch as logging

and agricultural expansion continues to deaie vast areas of intattopical forest annually
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(Chazdon and Guariguata, 2016; FAO, 2&dtich not only has devastating consequences for
biodiversity (Barlowet al, 2016)but has also led to growing uncertainties regarding the C
balance of tropicalorests. Tropical deforestion and lanelse changeas the second largest
source of anthropogenic greenhouse gas emissions after fossil fugtAce 2018With an
estimated2.6 Gt @, emitted between 2012014 due tahe expansion of croplands, pastures
and forestry plantationgendrillet al, 2019) Furthermore recent research suggests ththe
ability of remaining intact tropical forests to sequester C is in déelingavet al, 2020) while

CQ release from narobial activity is increasin@ondlamberty et al, 2018) raising the
concern that tropical forestmay now be functioning as a nets@Gurce rather than a sink

(Baccingt al, 2017)

As a consequence of widpread tropical deforestation and lande change,over half of all

remaining tropical forest is now cladsas secondary, degraded or regenerafiomgst (FAO,

2015; Poorteet al, 2016) Agricultural abandonment, as part the common practice of swidden
agriculture along with recovery from seléet logging, has created a&xtensivemosaic of

naturally regenBll Ay 3 WASO2yRINEQ 2N WNBIANRGGKQ F2NJ
expected toexpand in the futuréChazdon, 2014As such, secondary regrowth forests have

received growingttention and are increasingly looked towards as critical providers da€atop

forest ecosystem servicéw both biodiversity conservatidichazdoret al, 2009)and climate

regulation(Poorteret al, 2016)

Naturally regenerating tropical forests aapidy accumulat atmospheric C@n aboveground
biomass(Panet al, 2011 which is estimated to reach 90% of intact forests aft&6 years
with an average biomass recovery after 20 years of 122 megagrams per [iéctateret al,
2016) Thenet uptake ofC by secondary regrowth fores8Q5 MgCy?)is 11 times that obld-
growth (Poorter et al, 2016) Assuch, natural regeneration of tropical foresis widely
considered to be an effective lesost mechanism teequestetargeamounts ofCQ from the
atmosphere(Panet al, 2011; Chazdon, 201@nd therefore represds a significant climate
change mitigation strateg¥"hazdon and Guariguata, 2016; Schwetred, 2017; Lewist al,
2019; Romijret al, 2019; Mackewgt al, 2020)

The C sequestratiompotential of naturally regenerating tropicébrestscan be a impatant
motivating factorto reach national targets for forest restoratioRoorter et al, 2016)for
example thouglinitiatives such as THgonn Challengéhttps://www.bonnchallenge.ojgand

Initiative 20 x 20https://initiative20x20.orQy To date,nearly300 Mha of degraded land has
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beencommittedfor forest restorationn the tropics and subtropidsrough local and global
initiatives (Lewiset al, 2019) Howeve, the majority of this area has been earmarked for
commercial plantations, which supportéeconomies but are estimated to sequester around
40 times less C than natural foreétswiset al, 2019) Along with the protection of remaining
old growth forests in the fight against rising levels of atmospher¢Fa@et al, 2011; Mackey

et al, 2020) these finding$urther emphasize the significant potential of naturally regenerating
tropical forests as a whole. This highlights the need f@btel predictions of C accumulation
during forest regrowth to encourage greater inclusion of naturafyenerating forest in

restoration pledges and policies and for modelling future C and climate change scenarios.

Whilst evidence of rapid tree regrowthiollowing disturbance highlights the huge C
sequestration potential ohaturally regenerating tropicaforests aboveground we know
relatively little about the changes, interactions and processes involved in the storage and
cycling of C in tropical foresils during secondary forest regrowitharin-Spiotta and Sharma,
2013; Matrtin, Bullock and Newton, Z)1

Soil carbon dynamics in secondary tropical forests

Soils make up the largest C pool in the terrestrial biosphéxeg, Luo and Finzi, 20ahd
acount for over half of the C stock in tropical forggisn, Schumacher and Freibauer, 2011)
Tropical brest soils are an important part of the global C baldmaeour understanding of sail

C dynamics during secondary forest regrowth is hampered byptihglexity of biogeochemical
processes and interactions, the lack of studies in tropical regions,@msistent patterns of
soil C losses and gains during forest disturbance and re¢o\ery, Luo and Finzi, 2011; Li, Niu
and Luo, 2012; MariBpiotta aal Sharma, 2013; Martin, Bullock and Newton, 2013; Powers
and MarinSpiotta, 2017)

In contrast to therelationship between forest stand age (years since last disturbance event)
and abovegrouncbiomass C accumulation, patterns of C loss amdiga&oils dring tropical
forest regrowth are less cleakFor exampleseveral studies, includingetaanalyses a
syntheseshave reported either a weak relationship, no significant change, or contrasting
results for changes in soil C during tropical forest regrowth as a function of fordst, agiel

and Luo, 2012; MariBpiotta and Sharma, 2013; Martin, Bullookl &lewton, 2Q3; Powers

and MarinSpiotta, 2017)Additionally a global synthesis (including studies from other climate

zones) concluded that the majority of individual studies showed no significant relationship
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between soil C dynamics and forest fallge @ ang, Luand Finzi, 2011These resultsuggest
that forest stand agis oflimited use forpredicting soil @ynamicsn secondary tropical forests

and that other factors may better explain patterns in soil C during forest regrowth.

Although the cyling and sorage of C in tropical forest soils is partly determined by climate, soil
characteristics and landse history(MarinSpiotta and Sharma, 20133hanges intree
functional groups and thquality and quantity of plarderived organic matter durinforest
regrowth are expected to have a significant impact on soil C dynémicsHopkinset al,
2017; Kerdraoret al, 2019) Plant litter decomposition plays a fundamental rolesdil C
storage(Sayer, 2006; Prescott, 2010; Sayer and Tanner, .2Dafihg deomposition, C and
nutrients are sequentially broken down and made available to plants, beginning with the more
labile and soluble compoundathin litter (e.g. sugars) and eventually the most recalcitrant
forms (e.g. lignin)Kutsch, Bahn and kemeyer2009) Plantderived C compounds are either
mineralised and returned to the atmosphere as G mmobilised in the soil matr{)}Kutsch,
Bahn and Heinemeyer, 2009The balance between soil C storage and release during
decomposition couléventudly determine whether a forest functions as a C source oasithk
henceeven slight changes affecting the decompositioorghnic matteican have a significant

effect on C dynamidSayeet al, 2011)

Changes in organic matter quality, i.e. deamt Cforms and nutrient concentrations, are
expected to have important implications for soil C turnover by influencing the abundance,
structure, and activity of the soil microbial community. Microbial biomass is a key driver of
biogeochemical processesmd is wrongly linked to substrate availabilifitutsch, Bahn and
Heinemeyer, 2009whereby total microbial biomass tends to increase with increasing soil
organic matter contenfYaoet al, 2000) Recent research suggests thadtile C compounds

are use more dficiently and thus stimulatdhe turnoverof microbial biomassesulting in the
production of increasingly stable C compoudstrufo, Wallenstein and Boot, 2013he
formation of stable soil organic matteray alsobe partially explainedby diferences in soil
microbialstructure For example, the metabolization efsily degradable compounét®m
nutrient-rich organic matter is generally associated with shwlied, fastgrowing
microorganisms termed zymogenous @trnategistde.g. Granmegative bateria), which have

high turnover rates. By contrasiggradationof more complestructuralcompounds generally
found in nutrientpoor organic matter requires the activity of largerslowgrowing

microorganismsermed autochtonousor Kstrategistge.g. tingi and Granpositive bacteria),
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which have slower turnover raté&utsch, Bahn and Heinemeyer, 2009; Z&bal, 2017)
Hence, soil carbon storage may be largely determined by microbial community compaosition,

which in turn is stped by the quality of aht litter inputs.

Tree community functional changes during succession and influence
on soil carbon dynamics

The quality and quantity of organic matter inputs to the soil is largely determined by the
functional composition of # plant communityDe Dewy, Cornelissen and Bardgett, 2008)

which changes during secondary successiohazdon, 2014)In tropical forests,ight-
demandingree 3 LISOA S&a GKIF G Ay@Sad Ay FlLad aAINRsGK | NB

easily decompableleaves, which haveigh nutrient concentrations (e.g. N, P), high specific

(@

leaf area (SLA) and low content of structural compounds such as(ligmifnt et al, 2004;

Chazdon, 2014Conversely, shadeleranttreespreferentially invest in structurelefence and
longevity, NG adzZf GAy3 Ay S @Sa OKFINIOGSNRAASR la Wizg
concentrations, high fibre and lignin content and greater concentrations of foliar defence

compounds such as tannins and pher{glisight et al, 2004;Ostertaget al, 2008) Hence,

changes in the functional composition of tree communities during secondary forest succession

could greatly influence the turnover and storage of organic matter in the soil.

Changes in tree species composition dadctional groups during secondamycsession are

largely driven by changes in the availability of resources (light, water, and nutrients) as forests

mature. During early successidnghlight levels allowfasta NB g A y 3  WLIA@gS SN & LISOA
compete slaver-growing species to dominate tlwmnopy. Howevers light becomesnore

limited in later succession there ipragression towards a dominance of shaolerant species

(Dent, DeWalt and Denslow, 2012; Chazdon, 2014; Whétfeld 2014) The shift fom light

demanding to shadelerant species can also be characterised as a shift in the resource use

A0NI G838 2F GKS R2YAYLEy(d GNBS aLISOaldwdpant TNRY Wk Ol
economic spectrunfReich, 2014whichis reflected in a set of coordinated leaf functibnaits

(Contiand Diaz, 20INJB & dzf Ay 3 Ay WKAIKQ I ¢\Rghefaz 2@, £ A (G SNJ |j d:
Ostertaget al, 2008; Chazdon, 2014Hence, he shift from lighidemanding to shad&lerant

tree functional groups during secondary succesaim the accompanying reduction in litter

quality is expected to influence rates of soil C turngisgerhanges tditter decomposition rates

and microbial respiration.
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However, the trajectory of treeommunity composition can be influenced by a mudétwf
factors, including soil physicochemical properties and formerdaa@Chazdon, 2014nd as

such, the functional characteristics of dominant tree species may differ within and among
secondary forst stands of the same agglordenet al, 2015; Bouiki and Chazdon, 2017)
Consequentlycharacterising tree communities in secondary tropical forests by functional
groups rather than age (or time since last disturbance) may represent a better approach to

reveal relationships between abewand belowground dynamicduring seconday succession.

Thesis objectives

The body of work presented in this thesis aims to address some of the challenges involved in
predicting soil C accumulation during secondaryedbrsuccession by investigating the
relationship betveen tree functional assemblages and soil C dynaffiies.present thesis
comprisesfive chapters: this introduction to the thesis (Chapter 1), three original pieces of

research (Chapte4) and an overall discussion of the work (Chapxer

My studies asessed changes in tree functional groups, soil C, decomposition processes and sail
microbial communities alongcaronosequence of naturally regenerating moist tropical forest

located withn Barro Colorado Nature Monument (BCNM) in Panama:

In Chapter2 | test the hypothesis that tree functional groups have a stronger influence on soll
C than forest age by assessing the relationship between the relative influence of shade
tolerance tree speeb on soil C doncentrations and stocks) across five forest agsseb. |
demonstrate that surface soil C content is strongly related to tree community-siiacence,
suggesting that highuality plant inputs may play a key role in soil C accumulatiangd

secondary succession.

In Chapter3 | test the hypothesis thiahe shift from lightdemanding to shadelerant tree

species during secondary succession is reflected in changes in C turnover and litter decay rates.
I conduced an in situ decompositionexperiment across an age gradient of naturally
regenerating tropial forest and measured litter decay and soil respiration rates to represent
soil C dynamics. | demonstrate that litter from ligetnanding species decomposes more
rapidly than that of shde-tolerant species and the temporal response of soil respiratitas

reflect differences in litter decay rates.
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In Chapter4 | test the hypothesis that dominant tree functional groups influence the
abundance,structure and activity of soihicrobial conmunities. My study assessed the
relationships between soil micriab metrics, tree community shadelerance, and litter
decomposition or soil respiration rates as proxies for soil C turagcvess an age gradient of
naturally regenerating tropical foresl demonstrate clear links between tree community
shadetolerane, soil microbial biomass and soil microbial community structure, which

influence decomposition and soil respiration.
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2 Soil carbon in a regenerating tropical forest is
related to tree fun ctional composition, rather
than stand age

2.1 Abstract

Regeneratingropical forests are increasingly important for their role in the global carbon (C)
budget. Carbon stocks in aboveground biomass can recover-¢pasith forest levels within
60-100 years, but more than half of all C in tropical forestsoiedtbelowgrand, and our
understanding of C accumulation in soils during tropical forest recovery is limited. Importantly,
soil C accumulation does not necessarily reflect patterns in aboveground biomass C accrual
during forest regrowth, as factors reldtdo past lad-use, species composition, and soil
characteristics may also be important controls of soil C accumulation during tropical forest
recovery. In this study, | assessed the relationship between soil C, forest age, and stand
characteristics duringecondary feest succession across an dagadient of between 40 to

120Y naturally regenerating secondary forest (SF) argtodh (OG) tropical forest stands in
Panama. Using tree census data and light response classes (a proxy measure of shage toleran
and functon) | assessed the relationship betweha relative dominance of tree functional
groups and soil C accumulation. As expected, soil C decreased with depth in all stands and there
was no significant relationship between soil C and increasing sge and am clear influence

of past landuse. However, soil C decreased with increasing stand basal area and there was a
strong relationship between tree functional groups and soil C contentankiepth, whereby

soil C increased with the increasinglative inflence of lightdemanding species. The
accumulation of belowground C is more strongly linked to tree species composition than forest
age or soil characteristics in these foresihe faster turnover of nutrients through the
decomposition of gerally more ntrient rich organic matter (leaf litter) coulesult ina

greater buildup of C inthe surface layer ofoils in stands with a higher proportion of light
demanding speciesThese findings help improve our understanding of albed@wvground
relationships dring tropical forest secondary succession and crucially, the C sequestration

potential of recovering and restored tropical forest.
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2.2 Introduction

Naturally regenerating tropical forests

Tropical forests are iticallyimportant ecosystemfor the rich bialiversity theysupportandas

key providerof wider ecosystem servicaa particular for their crucial contribution to global
terrestrial carbon (C) storage and dynaniiéanet al, 2011; Townsenét al, 2011; Martin,
Bullock and Newton,(4.3; AndersosT eixeireet al, 2016) Human activity, such as logging and
agricultural practices, continues to decimate vast areas of primary (intact) tropical forest
annually(FAO, 2018)Over half of all remaining tropical forest is now classed as sagond
degradedor regeneratingFAO, 2015; Poortet al, 2016) increasing the global importance

of these forests as the dominant provider of key tropical forest ecosystem sévicesion,
2014)

Tropical forest regeneration, through naturagjrowth, afforestatia or restoration activities,

can rapidly sequester large amounts of atmospheric carbon dioxidg ifC&oveground
biomass. Following the cessation of agricultural practices such as crop production and pasture,
naturally regeneratingprests generally ftdw a predictable pattern of aboveground biomass
recovery(Powers and MariSpiotta, 2017)characterised by rapid accumulation in the early
stages of stand development until canopy closure, followed by gradual saturation, and then
often a slight declineuwk to tree mortality in later stages of succesgigang, Luo and Finzi,
2011; Zhwet al, 2018) For example, in a muisite chronosequence study in the Neotropics,
naturally regenerating tropical forests recovered 90% ofobavth biomass valueafter c. 66

years, with an average biomass recovery after 20 years of 122 megagrams per hectare
(equivalent to a net uptake of 3.05 Mg of carbon per year) which is 11 times thaigobwitth
forests(Poorteret al, 2016) These resultseinforce the importancef regenerating tropical

forests for their contribution in the global C cycle.

Although evidence of rapid tree regrowth following disturbance highlights the huge C
sequestration potential of regenerating tropical forests, estimatggest as much as 6@f#o

the total tropical forest C stock is stored belowground in @oids, Schumacher and Freibauer,
2011) In contrast to our understanding of abovegroufdrecovery during secondary
successioywe know relativelyittle about the clanges, interactions ahprocesses involved in

the storage and cycling @fin tropical forest soils duringecondaryforest regrowth(Marin

Spiotta and Sharma, 2013; Martin, Bullock and Newton, 2013)
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Controls of soil carbon storage and cycling during tro pical forest
regrowth

Soil C does ndollow a predictable pattern of loss and recovery with {age change in tropical
forests. Several metanalyses and syntheses, which bring evidence together for multiple field
studies in the tropics, haveeported either a weak relatiohg, no significant changer
contrasting results for changes in soil C during forest regrowth as a function of forést age
Niu and Luo, 2012; Marfpiotta and Sharma, 2013; Martin, Bullock and Newton, 2013; Powers
and MarinSpiotta, 2017)Similarly a global synthesis (including studies from other climate
zones) concluded that the majority of individual studies showed no significant relationship
between soil C dynamics and forest fallow @ge1g, Luo and Finzi, 201Multiple factors (and

their interactions) affect soil C dynamics during forest recovery, including cliiviaten
Spiotta and Sharma, 20]13%o0il and vegetation characteristigsaganiere, Angers and Paré,
2010) the extent of the initial disturbance, drthe type, duration and intertgi of previous
landuse (Laganiere, Angers and Paré, 20The relative influence of many dfesefactors
remain poorly wnderstood (Laganiére, Angers and Paré, 2010; Li, Niu and Luo,, 2012)
particularly irntropical foress, where theastonishing diversi of plant specieand potential
variability in tree functional change between different chronosequences mayumasitying

mechanisms.

Vegetation characteristics during succession

As soil C dynamics are largely driven by input from plant materialgfvove and belowground

biomass and exudates) the changing characteristics of forest vegetation are expected to have

an important influence on soil C cycling in regenerating tropioa$tiyLairdHopkinset al,

2017) Although a number of factors carilirence aboveground biomass recovélyhnsoret

al., 2000)and the successional trajectory of plant communities following human disturbance
(MarinSpiottaet al, 2008; ArroyeRodriguet al, 2017%  dzy RSNJ W2 LJGA Y £ Q O2)
disturbance to soilrad seedbank are minimal and forests can naturally regeneheee are

predictable changes in aboveground structural and functional characteristics during secondary

successiofiChazdon, 2014)
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Basal area change

Changes in basal area during forest sugioes could influence soil C storage, as the

aboveground biomss of trees is generally reflected belowground in their root systems, and

greater inputs of organic matter from larger root systems (necromass and exudates) as well as

crowns, could contributeotsoil C stocks. Althougjrere is a general increase indreasal area

(BA) during the early stages of succession, basal area does not increase linearly with stand age,

Fa WGNBS LI O1AYy3IQ &l GdzNF GSa +FyR a2YSéd§AySa S@Sy
WA Y G§SNYSRA I (EnshiSdnd Guinia$ 20dds8ometimes been shown to be

scaledependent where larger, landscapeale studies continue to see an increase in stand BA

with time (Mascarcet al, 2012) BA is suggested to be a more useful prediof successional

changes during forest regrowth thandst agegLohbeclet al, 2012)and might therefore also

be a good predictor of soil C stocks.

Functional change

The trajectory of tree species and functional composition during secondarydocesssion is

largely driven by competition among speciesftanging resources (light, nutrients and water),

as fastgrowing, ligffRS Y yRAY 3 GNBS& 6AGK WIOljdzZAaAGABSQ 3ANR
are gradually replaced by more slgwowing, shaei 2 f SN} yi GNBSa gAGK wO2yasS|
strategies Chadon, 2014; Whitfeleet al, 2014) This shift in tree community shade tolerance

and the associated changes in the physical and chemical properties of organic matter input to

forest soilanay sigrficantly alter soil C and nutrient cycling throughout seeoynduccession

through for example, the decreasing nitrogen (N) content in litteifall/idsoret al, 2007)

Acquisitive growth strategists prioritise investment in light capture and rapidigrgererally,

have a larger specific leaf area (Shiggher foliar nutrient concentrations (lower C:N) and lower

investment in foliar defence (leaf toughness). Conversely, conservative growth strategists

invest more in structure and defence, resultingliower litter decomposition. As a result of

these diferences in plant functional traits, we might therefore expect the rates of litter

decomposition and C cycling to be faster in forests with a comparatively greater proportion of
light-demanding speciesnpore common in early succession) than in (typicatlgrplforests

with comparatively more shadelerant species, and that soil C would accumulate over time

as forests mature.
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Influence of land use and soil characteristicson carbon accumulation
during succession

Former land use is an important predictor initial soil C loss. For example, disturbance from
ploughing in the conversion of forest to cropland causes greater initial soil C loss than land
which maintains vegetative cover in the conversionpssture (Don, Schumacher and
Freibauer, 2011; Li, Nand Luo, 2012Highly disturbed soilherefore also have the greatest

rate of soil C gain during recovery following the cessation of agriculture and forest regrowth
(Laganiere, Angers and Paré, 2080il physical and chemical characteristics canaffisct

the accumulation and cycling of soil C; for example, soil pH can strongly affect the abundance
and diversity of soil bacteri&ierer and Jackson, 2006; Roeiskl, 2010; Zhou, Wang and Luo,
2018), which play an essential role in soil C and notrisynamics through the decomposition

of organic matter. An increase in soil N content is strongly correlated with soil C content and
has been linked with the lortgrm sustainability of soil C sequegton (Yang, Luo and Finzi,
2011)and changes in sdil dynamics have been shown to be related to changes in vegetation
during forest recoveryAmazonaset al, 2011) however, soil N was not shown to increase with

forest age in the SF stands on BONMhes et al, 2019)

Given the many potential influenrgen soil C accumulation during secondary succession,
examining abowbdelowground processes and interactions during the recovery of naturally
regenerating tropical forest provides an excellent oppotyui improve our understanding of
belowground C dynaits during tropical forest regrowth and assess the wider potential of
forest restoration activities to help mitigate atmospheric; C@hcentrations thought soil C

sequestration.

| investigated the relanship between functional changes in vegetation duisecondary
succession and patterns in soil C using an existimmnosequence of naturally regenerating
moist tropical forest located within Barro Colorado Nature Monument (BCNM) in central
Panama. Thehronosequence provides an exceptional opportunistudy soil C recovery over

a wide age range of recovering secondary tropical forest120 yearsiRozendaatt al, 2019)

and old growth forest for which extensive aboveground plant census datavélable.
Successional and functional patterns in \&gound communities have previously been

characterised bfpent, DeWalt and Denslow (201their results reveald that tree community
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shade tolerance increased with stand age for three size classeflirige sapling and adult
trees) along the chronosequence. However, the relationship between changes in aboveground

functionalgroupsduring succession and soil C has not yet been chaisesder

Given that soil C during secondary forest successionysttiked strongly influenced by historic

soil disturbance and soil characteristics, as well as the quantity and quality of plant inputs, |
hypothesised that stand basal area and the proportif different tree functional groups would

have a greater influa® on soil C content and stocks than stand perese Specifically, |

hypothesised that:
1) Soil C content and stocks will increase with stand basal area
2) Soil C content and stocks witirease with greater dominance of shadéerant trees

3) Soil Cantent and stocks will increase with increasing soilgpiel be greater in stands that
were used only for pasture or were undisturbed than those that were ploughed for agricultural

purposes

To test my hypotheses, | measured soil C concentrations, edfisaiteC stocks, and assessed
tree functional groups across 10 forest stands in five age classes, taking into account differences

in former landuse and soil properties.
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2.3 Methods

Chronosequence description

Thechronosequence stands are located throughiiat Barro Colorado National Monument
(BCNM)which comprises the 1508a Barro Colorado Island (BCIl) and five surrounding
mainland peninsula@-igure 2.1)The climate is classified as mdispical with a distinct dry
season from January to April with an annual temperature of around 27°C andheerage

annual rainfall of 2600 mm, of which 90% falls in the rainy s€&sonlsor, 1990Q)

The chronosequence was chosen becausedrisidered to be largely representative of forest
recovery following the ide-d LINB I R LIN} OG A OS  drifthe WapigsiDRRISn Q
and Guzman, 2000; Dent, DeWalt and Denslow, 2@h&re deforestation foagriculture and
subsequentfarm abandoment over time has created a mosaic al-growth (OG) and
naturally regeerating secondry forests (§). Past landise within the chronosequence
included pasture for cattle, fruit and vegetable productiand plantations (Denslow and
Guzman, 2000_eigh, Rand and Winsb®83 Table 2.1 More recenthuman disturbance on
the peninsulas of the BCNM foran extensive age gradient tbpical forestwith 10 defined

3 NJ

chronosequence stands comprising two replicate age categories which, at the time of the

present study, were estimated at 40, 60, 90 andye)s since agricultural alidonment and
two undisturbed OG stand®ent, DeWalt and Denslow, 2018jand ages were determined
using a combination @farly publicationand accounts; aerial photographs; anigrviews with
longterm residents, scientists, farmers and forest guérdsling and Denslow, 1998; Denslow
and Guzman, 2000; Dewalt, Schnitaed Denslow, 2000; Mascaat al, 2012) The age
estimates for thestands are considered to be approximdte within 10 years of accuracy
(Dalling and Denslow, 1998; Denslow and Guz2@00; Mascaret al, 2012) Stands were
established on level terrgimunning parallel to slopes and avoiding creeks and (tadlsslow
and Guzman, 2000kach stand has an area of at leadhdband there has been no further
disturbance to stands sieagricultural abandonmentDenslow and Guzman, 2000; Dewalt,
Schnitzerand Denslow, 2000; Dent, DeWalt and Denslow, 2012; Mastaio 2012) The
wider study area provides data on species compaosition, plant traits and forest dyfiaijos
Rand andVindsor, 1983; Leiglet al, 2004; Kattget al, 2011; Condit, Chisholm and Hubbell,
2012) Species richnessquite constantacrossstands ofdifferentagesand attains levels of OG
forest within 20 years of successi@enslow and Guzman, 2000; Dépe\Walt and Denslow,

2012) Tree species compositidretweenstands of the same age classnore variablén the
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youngest forest stands andecomes more similaiwith stand age(DeWalt, Maliakal and
Denslow, 2003; Dent, DeWalt and Denslow, 20ih2¢ontrasto speciegichness functional
diversity (characterised asrmmunitylevel shade tolerancom basal area weighed mean)
increass with stand ge and convergewith that of OGforest over time (Dent, DeWalt and

Denslow, 2012)

The BCNM chronosequencesdies volcanic (andesite) and sedimentary (volcanic and marine
derived) geological units, which have weathered to form a variety of soil (fygé® et al,

2007) Although the most significant difference in soil type is between ttiegeed principdy

from volcaniccomposition(whichweather to produce mainly kanditic and oxidic Jlaysd

those from thesedimentaryW/ I A YA (1 2 Y WHith pr&@estiore Ghettidic ctays
Baillieet al, 2007, a number ofstudies report little variation in smhemical properties across

soil types (Yavitt and Kelman Wieder, 1988; Yavitt, 2000; Barthold, Stallard and Elsenbeer,
2008) Soils on BCI areportedto be rich imitrogen {\; Yavitt and Wieder, 198&ndhavea
highcation exchange capacity (CB&pite differences imlerivedparent materia(Baillieet al,

2007) However, Yavitt (2000) found that volcanicderived soils on BCI have slightiut

significantliyhigherphosphorousk) concentrationghan those from sedimentary rocks

SoilC concentations and stocks on B@écrease significantly with depth but no significant
variation was observed between soil typesimmet al, 2008) Across all soil types, the upper
10cm contaisthe highest SOC stocks but the standard deviation was®ighmet al., 2008)

Soil textuwe is also positively correlated with SOC, with soils of higher clay content generally
containing higher SOC concentratianglclay content rather than mineralogy is thought to be
more important for stabilizing SOC in these $Gilsnm et al, 2008) Topographyhasa strong
influence on SOC stocks in the topsoil with the highest values found at the foot of slopes and
the lowest on the miglope locationsbut this pattern was not observed at depth indicating
that the influence of eraen on SOC is limited the soil surfacéGrimmet al, 2008) It is
unclear whether seflorming processes and/or past land use changes influence the distribution
of SOC in the topsaldut Grimm et al2008)suggest thapresentday biomass input is afore
importance as fierences in past land use were only weakly related to SOC in the3fppm

of soll
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Lagartera
Las Pavas

Figure2.1 Map of the Barro Colorado Nature Monument (BCNM), showing the approximate location of

10 foreststands,two in each of five age classes; 40, 60, 90 and 120 year old secondary forest (SF), and

two old-growth (OG) stands, in a chronosequence of naturafjgmerating tropical forest in Panama,

Central America.

Table2.1 Stand and soil characteristics for a chronosequence of 10 forest stands in Panama, Central

America Subscript numbers indicate the data source, where 1 —oleasti Guzman (2000) and 2 =

The geological composition of the Panama Canal WatersihBd G3S Laboratory).

Stand Age Geology Landuse LJl ¢« Standing Soil bulk
name fAGG RSya
(years)
PED 40 Tb Pasture/swidden 5.88 417 0.57
SAl 40 Tb Pasture/swidden 5.92 548 0.53
END 60 Tb Plantation 6.52 507 0.51
FOS 60 Tb Pasture/swidden 5.70 394 0.46
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BOH 90 Tho Pasture/swidden/agriculture 6.62 451 0.48
POA 90 Tev/Tecm Swidden 5.46 692 0.57
BAR 120 Tev Pasture 6.28 383 0.59
PER 120 Tbo Pasture 6.24 535 0.56
ARM oG Tb Old growth 5.98 549 0.50
ZET oG Tev Old growth 5.88 776 0.48

Characterising successional and functional community change in
forest stands

To test the influence of variation in tree functional groups on soil C alsugcassional

gradient, | derived several statelel measures of aboveground successional status to compare
chronosequence stands \dasitespecific literature review arfdom tree censuslata(D.Dent,

unpublished data) used the simple metric of forestand age as well dise extensive forest

census data available for the chronosequerana] functional databased on recognised

changes in structural and functional attributes during forest regrov@hazdon(2014)

characterises forest successional stagf@®ugh three main criteria: total aboveground

biomass or basal area; forest age or size structure of tpelations; and species composition.

| used tree basal area as an indicator of aboveground bid@assdon, 2014yhich is shown

to quickly recoveduring tropical forest regrowtliPoorteret al, 2016)but the pattern of

biomass accumulation during sedany succession can vary depending on factors such as site

andthe landscapescaleconsidered Denslow and Guzman, 2000; Mascetral, 2012) | also

usea weltsupported general descripti@f abovegrand functional community change during

tropical fore$ secondary succession to characterise forest stands, where competition between

species for changing resource availability (e.g. nutrients and light) during secondary succession

often results in a prediable pattern of functional community change, chaesised by

contrasting lifehistory strategies and plant functional traits (Table 2.1). This shifeen

functional composition2 OO dzNE | @K &YV & AMi A @S 3 KeBtgrowig, BgbtNI G ST A a G a ¢
demandig,3 I LJ a LIS OA I f Apdes, commdiimeéamy tgigBsDdNaRest regrowth,

are gradually replaced ByO2 y a SN (4 A @S 3 NRowing<shadéodani, Sl A aGaQ oaf :
ANRGGK ALISOALFEAAGALD 2N WO A VadteEtages bfISudcesSianz & f A 3K
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(Zhang, Zang and Qi, 2Q008hazdon, 2014; Ghazoul and Chazdon, 2fEsglting in the

establishment of a more shadelerant communityDent, DeWalt and Denslow, 2012

Table 22 General changes in foliar traits during succession in tropical forest,iedofldm Chazdon
(2014)

Foliar traits| Change with successional age

Leaf nitrogencontenf | A3dK b [ 2 6

SLA (specific leafareaperma | A3AK Ih [ 26
Leaf LMA (leaf mass pemitarea)| [ 29 b | A 3K
Leafdensity [ 246 Ib | A 3K

Leaftoughness [ 29 Ib | A 3K

Forest gand age and basal area

To investigate patterns in soil C as a function of time, | adjusted the chronosequence stand ages
from the original estimates bpenslow and Guzman (200 include the time since
publication, and rounded them to nearest decadelttain age classes. licalated stand basal

area from census data collected in 2011 (D. Dent, unpublished data). Stem diameter at breast
height (1.3m; DBH) for each individual >10 cm DBH was converted to stem basalzartegq. (m

1) and the sum of all stes in each stand was thelivided by the total area of the stand covered

in the census to obtain mean stand basal area (Eqg. 2).

Yo QBB GiaQEy 00— z° Eqg. 1

Yo OO QI GiaQe 2 Eq. 2

Tree community shade-tolerance

Following the findings dbent, DeWalt and Denslow (201Plused tree community shade
tolerance o characterise changes in aboveground functional diversity during successon:

shadetolerant species become increasingly dominant in the later stdgascoession as the
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canopy closes and the reduction in light affesatplingrecruitment. | assigned each species to

a light requirement category as detailedCinmitaet al.(2007) which classifies species as gap

specialist (G), intermediate (l), or skddlerant (S). | also usespecies growth response to

increasing light, calculated from a spedpscific light requirement index developedriyger

et al. (2009Box 1) as a robust metric of species shade toletance

Box 1. Species growth responses to increasing light

Ruger et at (2009) calculated species light effect wvalues using data on tree sapling recruitment over two

census intervals and available light from yearly censuses of canopy density from a tropical forest plot on

Barro Coloradolsland. They employed a hierarchical Bayesian approach to quantify the light dependence

of recruitment in 263 woody species using a power function (linear log-log relationship) to model the

light effect on recruitment Different responses were expressed by the light effect parameter b which

ranged from 0.6 to3.3. Comparison between both census intervals showed that most species (38%) had

a 'decelerating’ response to increasing light (b<1), 21% had an ‘accelerating’ response (b>1), 3% had a

‘negative’ response (b<0) and the remaining 38% of species showed different types of light response

between census interval or had no recruits.

Table2.3 Growth response categories for tree species along argesggiient of lowland tropical forest

sites in Panama Central America, basettemsapling recruitmentith increasing light (modified from
Ruger et al. 2009).

Growth
response

Description

Accelerating (>1)

Decelerating (<1

Negative (<0)

Sapling recruitment increases with increasing light and the increase is higher at high
levels

Sapling recruitment increases with increasing light, but the increase is lower atligigih
levels

Sapling recruitment is higher at lower light and decreases with increasing light levels

Tocompare community shade tolerance across the chronosequémedculated the relative

influence (RI) of each growth response category using tree censu®d&sent, unpublished
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data).| assigned mean light effect values fromo census intervals to each species in the
chronosequence and classified them as @&regihg (ACC), decelerating (DEC), and negative
(NEG) species without light effect values were claSsiti I & Wdzy1y26y Q oO¢1l of
calculated Importance Values;(?Pg for each tree species in the chronosequence based on the
number of individual§frequency Eq. 3 and the sum of the basal area (domingrigq. 3. |
choseto express the IV as meareasure of frequency and dominance (EqaS)species with

large numbers of individuals as well as those with a large total biomass are consideaidg simil
important for determining ecosystem process$ieshbeclet al, 2012) Species frequenayas
calculaed from the count of one stem perindividual (regardless afumber of stems per
individual) to account for the limited spatial spread of root systems and possible constraints on
canopy size of mulitemmed individuals compared to that of an equal nundfesingle
stemmed individualsSpecies dominancsascalculaed from the sm basal area of all stems

of eachindividualtree.

YQda 0ROV 6 ®E O Zp T Eq. 3
YQ& GRNG VE (R O Zp T Eq. 4
06 Nd & W ¢Q Eq. 5

Finally, | used the species IVs for each growth response category to calculate the relative
influence (RI) of ACC, DEC and NEGespeer stand, whereby the summed IVs for each growth
response category were expressed as a proportion of the total per,sadloding me to

compare community shade tolerance across the chronosequence stands. Of the total 277 tree
species across the chrosequence, light effect data were available for 200 species. Therefore

C. 72 % of species were assigned to growth respornsgades (DEC = 129 species, ACC = 60
species, NEG = 11 species, unassigned = 77 species) which amoun&fi%o of the total
proportion of species expressed as RI (DEC = 60 %, ACC = 24 %, NEG = 4 %, unknown = 12 %).
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Stand and soil characterisation

Land-use history

To test the influence of past laluge on soil C, | used the chronosequence stand descriptions

from Denslow and &zman (2000|and divided stands intaPKA I KQ 2 NJ Wf 26Q az2Af R
categoriesbased on presumed initial soil disturbancedaherefore C loss) during land

conversion. The ten chronosequence stands split equally into the two categories; low soil

disturbance consisted of OG stands and stands wséylfor pasture; high soil disturbance

included stands used for swidden agrictdtand plantations.

Soil sampling

To assess the relationship between functional changes in vegetation during secondary
successiomand patterns in soil C in each of the ten chronosequence sthasgtablished four

(20 m x 10 m) sampling blocks, spacetlai intervals along a 160 m transécollected soils

in each of the 40 sampling blodkstween May and June 2046 three samping points (at 5,

10 and 15 m along the transect section within the sampling block). | collected three cores per
sampling pait by first carefully removing the surface litter and then sampling the mineral soil
in 10 cm increments from-80 cm depth using 4.8cm diameter soil corer and bulked them

per depth interval resulting in 12 composite samples per stand (four blocksexdbpths =

120 total samples). Samples were storedd@twithin four hours of collection, sieved to <2 mm

and subsampled in preparation for analyses within 48 hours of collection.

Laboratory analyses

To determine gravimetric soil wateontent, lovendried subsamples (20 g fresh weight) from
the 0-10cm and 1020 cm depthincrements at 108 for 48 hours. | measured soil pH on a 1:3
mixture of fresh soil and deionised water usiegdhpH meter (STARTER0Q OHAUSNew
JerseyUSA)within 48 hours of collection. To determine percentage soil C and N ¢ohten
ground a subsample of homogenizeit;daied soil from each of the three depth increments

per stand using a ball mill (Mixer Mill 4®etsch, Haan,Germany, and total carborand
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nitrogen wasanalysedoy high temperature combustion gas chromatogsapfario El 11l C/N

analyserElementarStockportUK)

Estimation of soil C and N stocks

Soil C stocks are expected to provide a more accurate comparison between standsakethey t
in to account differences in soil bulk density (BD), which can véingaili type and landse
history and which generally increases with deptlised mean soil bulk density values as
measured byloneset al. (2019)to calculate soil Gtocksat the 310 and 1620 cm depth

increments using the following equation:
0 O 6Q 0o Eq.6

where Gonc is percentage @3dis stand mean soil bulk density, C stock is the stock of carbon

(Mg ha) and D is the depth of sample (cm).

Data analysis

I used lear mixed effects models (Ime4 packageieset al, 2015 to assess the effect of each
explanatory griable (age class, stand basal area,-lsselhistory and tree functional groups)

on soil C concentration (%) and stocks (Mg ha 1) using R versigR E6r2 Team, 2018). The
relationship between stantkvel characteristics (basal area, larsg histoy and tree
functional groups) and soil C was assessed using mean values of soil C per stand and depth with
stand included as a random effect to accowntthe norindependence of values. All other
variables were assessed using mean values per samplatganld depth, with block nested
within stand as random effects. Soil C content lag$ransformed prior to analysis to correct

for non-normal distributbn of data.As soil C decreases strongly with depth and is a clear
predictor of variation in soil Cjricluded depth in both full and null models and tested the
interaction between each explanatory variable and soil depth. The significance of each term in
the model was determined by sequentially dropping terms and comparison to appropriate null
models usig likelihood ratio tests. Results are reported as significant at p < 0.05 and non
significant trends are reported at p < 0.09; for linear mixed effeottetac® andp values are

given for the comparison between the final model and the corresponding null model.
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2.4 Results

Soil carbon across an age gradient of naturally regenerating tropical
forest

Soil carbon content (%)

Stand nean soil @oncentrations af-10 cm depthwere 4.74° 0.15%. Variability in mean soll
C content between the two replicate forest stands within each age class was lowZR2gyre
and soil C declined strongly with depth in all age classes (Bighr&able2.2). Soil C content
varied significatty among forest age classes ahdre was a significant interactidmetween
age class andepth (2= 75.76p < 0.001) but therewas no clear pattern of increasing soil C
content with forest stand age at any depth increment (Fi@2b; Table2.2). TheOG stands
had the smallestdecrease in soil C witlepth, but only at the 2680 cm depth increment was
mean soil C content slightly (but not significantly) higher in the OG than in the SKurds
2.2b; Table2.2).

Soil carbon stocks (Mg ha )

Mean soil C stocks atl® cm were 56.98 11.92Mg ha 1The variation in soil C stocks with
forest age was roughly similar to that of C content but showed greater variation between
replicate stands in each age class (Figze; AopendixA:Tdle 2.2),lower values in the-Q0

cm in the 60Y stand and generally lower variation between the 8nd 1620 cm depth
increments (Figur@.2d; AppendixA:Table &2). There was a significant interaction between
forest age class and soil depth (but thiss not astrong as for soil C content). Forest age was

a significant predictor for soil C stock3 % 39.25 p = <0.00} but there was no clear pattern

of increasing soil C stocks with forest age.
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Figure2.2 Soil carboncontentat: a) 330 cm depthin each of the ten chronosequenstands, grouped

by age categor, andb) mean values per age class frtimee depth incrementsdark blue =0-10 cm,
green =10-20 cm,yellow =20-30 cm). And soil carbostock estimates (Mg hHa at: ¢ 0-30 cm depthin
each of the ten chronosequenstands, grouped byage categor, andd) mean values per age class from
two depth incrementsdark blue #-10 cm yellow =10-20 cm)across an age gradieof lowland tropial
forest sites in Panama, Central AmeriBaxes denote the 25th and 75th percentiles and median lines
are given fon =4 (a and c) and = 8 (b and d from two stands per age clas$liskers indicate values

up to 1.5x thenterquartile range, and dotadicate outliers

Soil carbon with increasing stand basal area (m? ha)

Stand basal area (BA) differed significantly among forest age cfasses60.47,p = <0.05;
TableAppendix A: Tabl&.1) but did not increase with increasing stand age. ThHeekigBA

was in the intermediate age class (90Y stands).

In contrast to my first hypothesis, there was a negative relationship between soil C and stand
basal area (BA) (Figuzs). Soil C decreadevith both increasing stand BA and depth but there
was nointeraction. The negative relationship with stand BA was significant for both soil C

content (¢? = 460, p = 0.82) and soil C stocke’=5.41,p= 0.®0).
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Figure 2.3 Stand mean soil carbon concentrationthwincreasing stand basal area (m? jian a
chronosequence of lowland tropical for&&nama, Central America, showing soil carbon concentrations
at three depth increments (00 cm, D-20 cm, 2630 cm) Points represent mean far= 4, shaded area

denotes 95% confidence interval from linear modiel function) prediction.

Relationships between soil carbon and the relative influence of tree
functional groups

The relative proportionsf shade tolerant and light demanding tree species varied among
forestage classes and differed significantly between the SF and OG forest stands. There was a
general pattern of increasing DEC species, and decreasing ACC species with increasing forest
ageacross the chronosequence in all but the 120Y stands where the ®hdk®C and DEC
species was more similar to the 60Y stands than either the 90Y or OG(ApgoaatelixA Table
.1).The RI of NEG species was low in all stands (>7%), and althouglathececlear pattern

with increasing stand age, the Rl of NEG spa@sdowest in the 40Y and highest in the OG

age category (ApendixA Table &1). The proportions of species not assigned to a growth
response category was inconsistent across stanés ah 3S OF 6 S32NASa> (KS
species per stand ranged fronB4%- 21.6 % but there was no trend with forest stand age.
There were clear differences in soil C (concentration and stocks) with the increasing relative
influence (RI) of contrastingeke functional groups, and this relationship varied with depth

(Figures 2.4 and2.5). The effect of tree functional groups on both measures of soil C was
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apparent only at the A0 cm depth increment but not at greater depths, resulting in a

significant iteraction term between functional group and depth in all models.

Increasing R/ of accelerating species

At 0-10 cm, soil C increased significantly with the increasing Rl of ACC species in forest stands
for both C content¢®=8.88,p= 0.031; Figur@.4a) and stocksct= 14.68 p= <0.001; Figure

2.5a). The inclusion of $@H did not significantly improve the models.

Increasing R/ of decelerating species

In contrast, soil C decreased with the increasing Rl of DEC species acchssrthsequence
at the 310 cm depth increment. The negative relationship between thé REG species and
soil C was significant for both C contésft= 17.12, p= <0.001 Figure2.4b) and C stocksct=
10.63,p = 0.005; Figurg.5b). Soil pH did not siificantly improve the models.

Increasing R/ of decelerating. accelerating species

The oposing relationships between soil C and the Rl of ACC and DEC species resulted in a
significant negative relationship between the ratio of DEC:ACC species irasthhdth soil C
content (€=12.55,p= 0.006; Figurg.4c); and C stocks= 9.83p= 0.M7; Figure2.5¢). In the
case of soil C content, tieclusion of pHas a fixed effect significantly improved the modét (

3.99,p= 0.046).
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Figure2.4 Stand mean soil carbon concentration with an iasneg relative influence of: (a) accelerating
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Panana, Central Americ®.oints represent mean for= 4, shaded area denotes 95% confidence interval

from linear modellfn function) prediction.
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Figure2.5 Estimates of stand mean soil carbon stocks (M¢) lzd 310 and 1620 cm depth with lie
increasing relative influend®l)of a) ACC specieb) DEC species ant), DEC:ACC species in 10 stands
of a chronosequence ofaturally regeneratinpwland tropi@l forest in Panama, Central Amerieaints
repreent mean fom = 4, shaded area denotes 95% confidence interval from linear nhmdahgtion)

prediction.

Soil carbon and variation in soil characteristics and land-use history

| foundno relationship between soil C content (%) or C stocks (Mgamalland-use history at

any depth incrementusing the broad classifications of past lange and inferred soil
disturbance Soil C increased with increasing soilbgkbss the full 80 cm ample depth and
although depth explained most of the variation il €ocontent, the inclusion of pH, (without
interaction) significantly improved the modef =6.02,p = 0.014, Figur@.6). However, the
relationship between soil C stocks and\pék notsignificant and the relationship was not
significant at separate dépintervals As expected, there was a strong correlation between soil

C and N content but there was no consistent variation in soil characteristics with increasing

stand age (Tabl23).
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Figure2.6 Soil @arbon content along an increasing soil pH gradient from 10 stands in a chronosequence
of naturally regeneratingpwland tropical forest in Panama, Central Ameat®-10 cm, 1620 cmand
20-30 cm depth increment®oints represent mean far = 4, shadedarea denotes 95% confidence

interval from linear modelrf function) prediction.

Soil characteristics among forest age classes
Nitrogen

Soil N content (%) varied significantly amangdt age classd€s® =34.21, p = <0.00); it was

lowest in the two 9¥ stands and highest in the 60Y stands, but the relationship between forest
age and soil N was not unidirectional. There was a significant interaction between forest age
class and soilepth, and variation among stand age classes increased with incréagthgN
content varied among age classes at the2@0m {5 = 5.36,p = 0.047; Tabl@.3) and 2630

cm a5 = 7.99,p = 0.0213; Tabl2.3) depth increments and was highettie OG stands than

the SF stands at 280 cm depth. Soil N stocks alsasaisignificantly among forest age classes

at the 020 cm depth but not when tested at separate depths.
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C.N
The ratio of soil C to N content varied significantly among forestasgeslacross the full depth

range of 630 cm and increased significantlighmincreasing soil depth. The 90Y stands had the

highest C:N at each depth increment.

pPH

Soil pH varied among stands, explained by significantly higher pH in one of the 60¥ustands
there was no significant variation between forest age classes atltl®30 cm depth range,

or at separate depth increments.
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Table2.4 Mean soil valueper age claskr: C andN concentration (%), C:itio and pHplus standard
error at three depth intervals (@0, 1620 and 2630 cm)sampled from# blocks in each dfvo replicate
stands in five age classés a chronosequence of naturally regenerating tropical forest in Panama,
Central AmericaMeans and standard errors are givenrier 8 (4 x replicate blocks per sta@dk stands

per age classhifferent superscript letters indicate significant differences amfogst age classeg p

< 0.06 determined by ANOVAS wiffurkey poshoc comparisons and correction for multiple

comparisons.

Forest age class 40Y 60Y 20y 120Y oG
010 4.8 5.30° 414 5,22 418
*0.29 *0.73) *0.22) (£0.34) *0.17
W?tﬁ"dz 9:‘;1 1020 2.34 3.14 1.99 2.88° 2.74
(cm)p *0.29 *0.22 (* 0.09 (0.10) *0.12)
2030 163 2.50° 1.34 2.2 2.56°
(£0.19) (0.31) *010) (0.13) (+0.10)
010 0.40% 0.46' 0.3% 0.43 0.3g%
(0.09 (£0.02) (£0.07) (£0.02) (£0.02)
i 0,
Wistﬁ"d': t/; logo| 015" 0.23 0.10 0.22 0.23
(cm)p (£0.03) (£0.02) (£0.01) (£0.01) (£0.02)
2030 0.09 0.17 0.09 0.13 0.2
( 0.0) (£0.04) (£0.01) (£0.02) (£0.01)
010 | 1245 11.54° 12.96° 12.1F> 10.78
(£ 0.49 (£0.28) (£0.59 (£0.34) ( 0.37
Wﬁﬁ'hg:'t\'h log0|  17:26° 13.72 2352 13.68 12.00
(cm)p (+2.09 (+ 0.60 (+3.29 (+0.79 (+ 0.69
s030| 1965° 17.64 25.97 18.20° 12.46
(*1.73 ( 2.89 ( 1.99 (& 2.08 (£ 0.49
010 5.68 5.90 5.53 5.86 5.52
(0.10 (£0.19) (£0.13) (£0.16) (£0.17)
Soil pH
. 5.41 5.83 5.30 5.69 5.37
W'“(‘c‘rf;pth 10201 019 (£0.19 (£0.18) (+0.19) (£0.12)
2030 5.19 5.65 5.00 5.48 5.36
( 0.08 (£0.19) (£0.17) (£0.17) (£0.07)
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2.5 Discussion

This study is the first to investigate the relationship between soil C and aboveground functional
comnunity change during tropical forest secondary succession, utilisiagexgradient of
naturally regenerating tropical forest stands in Panama. My study demonstrated that, whereas
other stand and soil characteristics had limited explanatory power fotigarnia soil C content

and stocks, soil C atl® cm depth increased thithe relative influence of ligldemanding tree
species across stands of all age classes and decreased witlestrzhsal area. My results
suggest that higiguality plant inputs @y play a key role in soil C accumulation during

secondary succession.

The relationship between soil carbon and aboveground successional
processes during tropical forest regrowth

| expected basal area to be a better predictor for soil C than forest atgndsBA is highest in

the midsuccessional stage stands used in shusly (intermediate peak hypothesisenslow

and Guzman 200Q(@nd therefore, the largest input of organic matter to soil C was assumed to

be in the midaged, not the oldest forest stasdStand BA was a strongeedictor for variation

in soil C than forésage, but in contrast to my first hypothesis, mean soil C content and stocks
decreased with increasing stand BA (Figli83. Although surprising given the assumptions
regarding orgagimatter input, a similar unexpected negative relationship betweeargaihic

C and stand BA was reported for recovering tropical forest in Augfralizet al, 2016)
Interestingly, the relationship was only detected in soil derived from Andesiteh alsio
underlies much of BCNM and may possibly help explain the wiespgattern observed in

this study. Tree BA was also used to calculate the Rl of ACC, DEC and NEG species in stands,
GKSNBET2NBE AGQa STFSOO ¢ & | ttanal gioups Shich ByR | &
study demonstrated was the strongest prediobdrsoil C stocks and concentrations in these

forest stands.
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Soil C with the increasing relative influence of contrasting tree functional groups

My hypothesis rested on the assumptittrat changes in tree functional composition during
secondary successioeflect changes in plant functional attributes (traits) and these influence
litter decomposition rates and input of C to the soil. Changes in tree functional composition
during successn is generally characterised by a shift from acquisitive (ligimarding)
species to more conservative (shadkrant) species, as plants adapt to increasing light and
nutrient limitation(Wrightet al, 2004) My results partially support this geneagsumption as

the proportion of ACC species was higher at ysuegessional stages whereas the proportion

of DEC species was highest in thegtulvth forest however the proportions of ACC and DEC
species in miguccessional stands did not conform tee tbxpected patterns of shifts in
functional groupsAppendixATable 2.1).

These functionally distinct tree groups are associated with contrasting plant traits which can
have a strong influence on soil C and nutrient cycling. Plant traits most retegaiit@ cycling

are those which control the input and stabilisatof soil C and/or those that influence soil C
f2aaY odzi 0KSNBTQ a0 2Fd S emaritihy NiedsSare fssodidted
gAOK WO2 Y LiSrimk, 127Nd@ichiclinfluende the input of C to soils through the
generation of lage amounts of nutrient rich organic matter due to their rapid growth rate and
photosynthetic capacity, but C can be quickly released back to the atmosphere during more
rapid litter decomposibn (De Deyn, Cornelissen and Bardgett, 20@nversely, shade
tolerant species have traits which allow them to be more stresistant and produce longer

lived, but poorguality (e.g. high C:N, high lignin:N) organic matermeet al, 1996)which

inhibits litter decompositioiKutsch, Bahn and Heinemeyer, 2009)

The functional tree groups used in this study, based on spgmée#fic light response, are

FaadzYSR (2 O2NNBALRYR 658ff REYKYRK$IQRWLIMZ y S NI SH
Wa K-t RES NI y (i Qk QbehtyYbel/alt bISIBAsSE 2018hd be a proxy for

acquisitive and conservative Hfgstory strategies. Based on these assumptions, and as the

quantity of litterfall was not seen to vary significantly between SF and OG @angsw and

Guzman, 2000) expected that soil C input from litimight be more highly concentrated from

DEC species than from ACC spétiesDeyn, Cornelissen and Bardgett, 20a@d along with

associated traits such as greater leaf toughness and thgepce of defence compounds
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(Bardgett, 201 7vould decompose morslowly, resulting in a buidp of soil C in stands with
a greater proportion of DEC species. However, the opposite was observed in these forest

stands, with higher soil C found in standaigreater proportion of lighdemanding species.

The assumptio that litter decomposition rates differ between the two contrasting tree
functional groups is maintaing@ornwellet al, 2008) but the relationship between litter
decomposition rate andche incorporation of plant derived C into soil is often discomect
(Prescott, 2010; Cotrufo, Wallenstein and Boot, 20REnt litter decomposition drives SOM
formation but does not directly control the accumulation and stabilisation of soil orgardncarb
(SOC), the largest component of SOM. Instead, a strong amdngrdody of research
postulates that soil microbial products are the major contributors of C to SOM and that the
products of successive microbial processes increase C stability in SOM #dggregation and
chemical bonding in the soil matrix via whas heen termed the Microbial Efficier®atrix
Stabilisation framework (MEM&)otrufo, Wallenstein and Boot, 201¥he MEMS framework
hypothesises that the input of C from labile plant skgist (e.g. sugars) drive microbial
processes and thus, the prattion of increasingly stable C compounds as they are more
efficiently used by soil microbes than C from more recalcitrant plant matéiaftufo,
Wallenstein and Boot, 2013y results supgrt this hypothesis as soil C content and stocks
were highest irstands with a higher relative influence of ligletmanding ACC specigsgures
2.4a,2.5a);the litter of which is expected to contain more labile carbon compounds than that

of the more shae-tolerant DEC species.

Effect of former land-use and soil properties on soil carbon

The influence of former landse is one possible explanation why studies of secondary tropical
forest succession have not found a consistent pattern of increasing wdth Gtand age
(Martin, Bullock and Newton, 2013; Orihudtelmonteet al, 2013) Previous soil disturbance,
fertilizer application, or nutrient depletion by agricultural use have distinct and often
contrasting effects on plant growth and soil C turnowiich can persist for dadegDetwiler,
1986)and obscure trends in soil C accumulation over time, but contrary to my third hypothesis,
the influence of past landse on soil C content or stocks was not apparent at any depth
increment. The effect of digtbance (e.g. from plou@gty) on initial soil C loss is well

documented(Guo and Gifford, 2002; Don, Schumacher and Freibauer,, ZndL) therefore
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expected to detect differences between the stands used for crops, those used for pasture and
the OG standshowever, the charactexation of former landise relied on brief descriptions
compiled from largely anecdotal accounf&(slow and Guzman 200@nd therefore sail
disturbance is only inferregind thus, mawyot accurately reflect currergoil conditions. The

sites included iy study spanned a range of soil types and key soil properties, including
differences in soil N and pH, which can also influence soil C storage. Previous work in the
secondary forest stands of the chronosequence showed no relaioinstween soil C storag

and landuse or the underlying geology, but a strong relationship between soil C and soil N
stocks(Joneset al, 2019) | observed a strong relationship between soil C, N and pH in the
present study including the olgtowth forest stands. These relatiships are perhaps
unsurprising, given that C and N are major components of soil organic matter (SOM) and soil
pH is a key control of microbial community composition and decomposition pro¢esses

and Jackson, 2006; Tripa#tial., 2016) In my studythe similar patterns of decline in soil C,

soil N and soil pH with depth largely explain the relationships among these variables. Hence,
neither landuse nor soil properties fully explain the patterns in soil C accumulation during
secondary succession fusther possible explanation for the lack of clear differences in soil C
among stands with distinct former land use and soil type is that subsequent forest regrowth
over time has weakened the effects of past disturbafcenmet ., 2008; Jones et al. 29)

and that input from present day vegetation has a greater influence on soil C storage.

Further research

The soil C content and stocks measured in this study provide only a snapshot observation and
do not consider the rate of 80C turnover; particuldy CQ release through microbial
respiration, an important component of soil C dynamics in tropical forests. The raieetiGO

in tropical forests is largely determined by the mineralisation of labile organic C compounds by
sal microorganisms durinthe decomposition of organic material. The differences in plant litter
quality between tree functional groupsayalso result in differences in microbial community
composition, which in turn can strongly influence soil C cyclimgxample, the poor qui&y

litter produced from conservative strategy (DEC) species should in theory, promote the

preferential growth of fungi (rather that bacteria) which inhibits the cycling of C and nutrients
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and thus leads to greater soil C storaghereas high quality gt from acquisitive (ACC)
strategists should encourage a greater proportion of bacteria in microbial communities during
decomposition which is linked with more rapid C and nutrient cycling but also higher soil C loss
(Bardgett, 20T). However, this theorhias largely been developed from studies in grassland
ecosystems and therefore these broad assumptions may not hold true in tropical forests,
nevertheless, investigating changes in soil microbial community composition and function
during tropical forest semdary succession may provide valuable insight into soil C cycling
during secondary succession in recovering tropical forests. Another possible explanation for the
positive relationship between soil C and kdbtmanding tree spees is the effect of roots

Plant root traits influence soil C cycling through the release of labile C in to soil from root
SEdzRI 1S4 6KAOK adGAYdzZ S8 YAONROALFE | OGAGAL
and may also influence soil C cyclingtigh traits related to nwient foraging and associations

with mycorrhizal fungiDe Deyn, Cornelissen and Bardgett, 20R8pt traits may help explain
variation in soil C, and although sometimes shown to be only weakly coupled with leaf traits
(De Deyn, Cornelissen and Bardg2@p8) would most likely also be determined by tree
functional group. Therefore, tree functional groups, characterised asdighanding and
shadetolerant species, remain the best predictor of soil C content and stocks in these stands

of naturally regearating tropical forest.

2.6 Conclusion s

This study identifies a strong link between the dominant functional group of trees and soil C
content and stocksluring tropical forest secondary successam provides an interesting
starting point for further reseah. Improving our ability to predicgnd cruciallyincrease soil

C accumulation during tropical forest regrowth will not only help improve global C models but
help mitigate atmospheric GQ@oncentrations through more efficient forest management
practices and reforestation initiativeddy results indicate that successional changes in tree
functional groups during forest regrowth influence soil C content and stocks and specifically,
that the reldive influence of lightlemanding tree species in a stangasitively correlated

with soil C content and stocks atLlO cm depth. | propose that the broad distinction between
ACC and DEC species and their relative importance in gtanddesthe basisfor a useful,

guantitative method to investigate how successil dynamics in tree communities and
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associated plant functional traits influence ecosystem scale C dynamics in recovering secondary
tropical forests and could be used to promote natural reghoavtd influence species selection

in forest restoration stratgies.
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3 Soil carbon dynamics are linked to tree
species shadetolerance along an age
gradient of naturally regenerating tropical
forest.

3.1 Abstract

Secondary regrowth forests are tdeminant type of forest cover in the tropics and are thus
increasinglymportant for their role in the global carbon (C) balance. During recovery, tropical
secondary forests rapidly accumulate aboveground biomass and whilst substantial amounts of
plantderived carbon are assimilated belowground through decomposition processes
dynamics during forest regrowth have received much less attention. During secondary
succession, shifts in tree community growth strategies fromdightanding to shadelerant
species are accompanied by changes in litter quality, which maynirdéluates of C turnover

both directly, via litter decay rates, and indirectly via the influence of tree functional groups on
the decomposition environment. Texplore the links betweetree functionaltraits and soil
carbondynamics| conducted aiin situlitter decomposition experiment across an age gradient

of naturally regenerating tropical forestused litter mixtures created frontree species
differing in theirshade tolerance ssa key functional characteristilcluding a singlepecies

and baresoil control. | observed litter mass loss and soil respiration as measasrobver

over a fivemonth period. As expected, litter from ligthtmanding species decomposed more
rapidy than that of shad¢olerant species and there was a correspondingptral response

in soil respiration reflecting differences in litter decay rates. Surprisingly, there was no
unidirectional effect of forest successional age on litter decay rated cesuration. However,

soil respiration from the litter treatment casining both lightdemanding and shad®lerant
species was significantly higher in the younger than older forest stands. This study highlights
the potential importance of functionaltiiverse plant inputs for soil carbon dynamics in tropical
forests. Linkbetween litter traits and soil microbial communities could further clarify the role
of functional diversity in soil C dynamics and storage during secondary tropical forest

succession.
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3.2 Introduction

Increasing importance of secondary forests

Tropical forsts are the largest terrestrial C sink as they are responsible for acodébo of

net primary production (NPEjevelanckt al, 2017 and storec. 45% of terrestrial G\nderson
Teixeireet al, 2016) sequestering around half of global anthropogenig €&fissiongYin, Wu

and Li, 2018)Landuse change from human activity such as logging and agricultural expansion
continues to remove vast areas iafact tropical forest annuallyChazdon and Guariguata,
2016) and has altered the functioning of remnamnopical forests, including abowround C
dynamics (e.gQie et al, 2017. Agricultural abandonment, as part the common practice of
swidden agriciiure along with recovery from selective logging, has created a mosaic of
YIEGdzNF £ & NBEISYySENF WNFINEGEO2 y RRNBGE i ( KNPR dz3a K 2 dzi
recovering forests now make up over hifall tropicalforests and due to current landse
practices, their increase is expected to contirf@éazdon, 2014As such, regrowth forests
have received muchttention and are increasingly looked upon as crucial providers of tropical
forest ecosystem servicésx both biodiversity conservatigithazdoret al., 2009)and climate
regulation(Poorteret al, 2016) Tropical forest regrowth can be an effectiver®due to rapid

C accumulation in aboveground biomé3snet al, 2011)which is estimated to reach 90% of
intact forests aftec. 66 yeargPoorteret al, 2016). Hence, secondary tropical forests play an

important role in mitigating the effects ofing atmospheric C@oncentrations.

Despite the importance of secondary forest regrowth for C sequestration, we know little about
the mechanisms of C accumulation belowgro(ividrinSpiotta and Sharma, 2013; Martin,
Bullock and Newton, 201.3oils make uthe largest C pool in the terrestrial biosphéreng,

Luo and Finzi, 2011and account for over half of the C stock in tropicakdts (Don,
Schumacher and Freibauer, 201Tpopical forest soils are an important part of the global C
balance but our uterstanding of soil C dynamics during secondary forest regrowth is
hampered by the complexity of biogeochemical processes anddtiters, the lack of studies

in tropical regionsand inconsistenpatterns of soil C losses and gains during forest distagha

and recoveryYang, Luo and Finzi, 2011; Li, Niu and Luo, 2012 -$f#ditta and Sharma, 2013;
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Martin, Bullock and Newton, 201Bowers and MariSpiotta, 2017)Although the cycling and
storage of C in tropical forest soils is partly determinediimatg, soil characteristics and land
use history(Marin-Spiotta and Sharma, 2018hanges in the quality and quantity of plant
derived organic matter during forest regrowth are expected to have a significant impact on soil

C dynamics.

Changes in species omposition during succession and impact on
soil C dynamics

Predictable and measurable changes in tree species composition andrfahgtoupgiuring

secondary succession are largely driven by changes in the availability of resources (light, water,

and nurients) as forests mature. During early succession, an abundance of light reaches the
forest floor and fasBE NB g A Yy 3 W L¥s 2@ Bpeld slavedfo®@iig species to

dominate the canopy. However, once the canopy closes (afted years;Denslow ad

Guzman, 2000, light becomes a limiting factor and conditions favour the slgn@wing,
shadetolerant species that thrive in ¢hunderstory. Over time, the shortived pioneer

species are gradually replaced by more lived species associated witld-growth forests,

resulting in a progression towards a dominance of shaléeant species in later succession

(Dent, DeWalt an®enslow, 2012; Chazdon, 2014; Whitfeddl, 2014) The shift from light

demanding to shadelerant species can also bbaracterised as a shift in the resource use

A0NF 0838 2F GKS R2YAYEYyd GNBS &LISOadEwpEt TNRY U
economic spectruniReich, 2014)This is reflected in a set of coordinated leaf functional traits

(Conti and Dig 2013)Lightdemanding species that invest in fast growth are characterised as
KAy 3 WKAIK |jdz £ A G & Kigh ndltrient doncéntraBond (&d. M 8)ahigh ¢ KA O
specific leaf area (SLA) and low content of structural compounds suahiméMgghtet al,

2004; Chazdon, 2014Conversely, shadelerant species preferentially invest in structure,

defence and longeried ¥ NBadzZ GAy3a Ay €SIF@Sa OKINI OGSNAa
nutrient concentrations, high fibre and ligninntent and greater concentrations of foliar

defence compounds such as tannins and phefwisghtet al, 2004; Ostertag@t al, 2008.

Hence, the shift from lighdemanding to shadelerant tree functional groups during

secondary succession is accompatigdnarked changes in the quality of litter inputs, which

will influence the rates of C and nutrient cycling both directly, vé litecomposition rates,
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and indirectly via the influence of tree functional groups on the decomposition environment,
for exanple, via nutrient exchanges with microbial communitiesnelisseet al, 1999; Jewell

et al, 2017)

Influence of changing plant functional characteristics on litter
decomposition and soil C turnover

Plant litter decomposition plays a fundamentagriol terrestrial ecosystem nutrient cycles and

C dynamic&Sayer, 2006; Prescott, 2010; Sayer and Tanner,.ZDafingdecomposition, C and
nutrients are sequentially broken down and made available to plants, beginning with the more
labile and soluble copounds(Kutsch, Bahn and Heinemeyer, 200h)is preferential break
down of litter by decomposer organisms results irearly release of soluble nutrients and
labile C forms and an accumulation of structural compounds and recalcitrant C in remaining
litter over time(Krishna and Mohan, 201 Plantderived C compounds are either mineralised
and returned to the atmospheres&€Q or immobilised in the soil matri)utsch, Bahn and
Heinemeyer, 2009nd this balance can eventually determine whether a foresttions as a

C source or sink. Hence, even slight changes affecting the decomposition of plant material can
have a sigificant effect on C dynami¢Sayeret al, 2011) The rate of litter decomposition is
driven by both abiotic (climate and soil), andtioi (litter quality and the decomposer
community) factors. Although moisture and temperature are strong predictfrs
decomposition rates globall§Powerset al, 2009) neither tend to be limiting in tropical
rainforest environmentsso plant litter quaty is the dominant control on litter decomposition
rates(Cornwellet al, 2008; Hattenschwilest al, 2011) Congquently, changes in the quality

of leaf litter inputs as a result of shifts in tree functional groups during secondary succession

are likey to have a significant impact on litter decomposition rates and C turnover.

Despite a growing body of research assgstie relationship between the fastow continuum

of the plant economic spectrum and C turnover, much of our knowledge is derived from
temperate studies focussing on a limited number of species, which may not apply to highly
diverse tropical forests. Albugh the influence of specific leaf traits, such as foliar N

concentrations, on litter decomposition rates has been well studediago, 2007; Cornwell
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et al, 2008; Bakker, CarrefRocabado and Poorter, 2011; Szederal, 2017) there is a

growing lody of evidencéo suggesthat decomposition of species mixtures cannot necessarily

be predicted from the decay rates of individual@ps(Gartner and Cardon, 2004; Gesseker

al., 2010; Jewelet al, 2017) Decomposition rates of mixed species liteNBS 2 Fad Sy ay 2
I RRAGADSES sKSNBoeé (KS fAGGSNI AY YAEGdINB&A RS«
(antagonistic) than woulthe expected based on the decay rates of individual component
species. Nomadditive effects likely arise as a result afrient transfer between different litter

types, which facilitates the decomposition of more recalcitrant litter compounds
(Hattenschwer, Tiunov and Scheu, 200%iathe release of secondary metabolites which can

inhibit decomposition(Chomelet al, 2016) or due to increased variation in physical
microhabitat and decomposer interactiofisattenschwiler, Tiunov and Scheu, 206tnce,

litter mixtures might capture ore of the complex interactions between plant litter traits and
decomposer communities and better represent the influence of tree functional characteristics

on soil C dynamics at the stand or community level.

The functionalcharacteristics and diversity tfe living tree community also affect soil C
dynamics by influencing the community composition and activity of decomposer organisms,
particularly soil microbial communities that are the powerhouse behind litter decompositio
processesPrescott and Graysin, 2013) The presence and activity of soil microbes is strongly
related to C turnover and storage, not only during the initial decomposition of plant material,
but also because there is mounting evidence tbail microbi& products are the major
contributors of soil ¢Cotrufo, Wallenstein and Boot, 2013; Liang, Schimel and Jastrow, 2017)
The microbial C use efficien(yIEMS) frameworKCotrufo, Wallenstein and Boot, 2013
proposes that the products of successive micidiignover increase C stability soil organic
matter (SOM) through aggregation and chemical bonding in the soil matrix. According to the
MEMS framework, plant inputs of labile C compounds may play a greater role in soil C
accumulation than previously assed, as labile compounds aresdsmore efficiently, which

fuels microbial turnover and results in the production of increasingly stable C compounds

(Cotrufo, Wallenstein and Boot, 2013)

The results of Chapt@suggest that microbial turnover of labgi&ant material contributes to
SOM formation during secondary succession, as soil C content and stocks were highest in

secondary forest stands with a greater relative influence ofdigittanding species, which are
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expected to have easitiegradable littercontaining more labile carborompounds than
shadetolerant speciesAnd, due to the expected corresponding shift in the abundance and
activity of decomposer groups during successifmtom labile C specialist® those more
adapted to the breakdown of calcitrant C compounds, we migépect higher rates of soil C
turnover in the younger than older forest stands and a general decrease in soil C tarbver

accumulatiorwith increasing tree community shatiderance.

Hence, changes inthe functional chaacteristics of tree species during secondary forest
succession might have a substantial impact on soil C dynamics and storage. A mechanistic
understanding of the links between soil C dynamics and plant functional traits during secondary
tropical forest sueession could therefore provide crucial information for forest management

to maximise soil C storage and help parameterise ecosystem modefai@get al, 2019.

In the presentstudy,| conducted arin-situ litter decomposition expgment across an &g
gradient of naturally regenerating tropical foréstexplore the links between tree functional
traits and soil carborlynamics. used litter mixtures frontree speciegliffering in theirshade
tolerance as key functional charactesiic, and measureditter mass loss and soil respiration

to representCturnover to test the following hypotheses:

1. Litter mixtures from lightlemanding tree species will represent a higfality resource to
microbial decomposers, with high nutrient bletv structural filbe content, and will

therefore decompose faster than litter mixtures from slgrowing shadéolerant trees.

2. Respiration rates will reflect differences in patterns of litter mass loss, with higher
respiration rates from litter mixtess representing llg-demanding species, especially
during the early stages of decomposition, and lower respiration rates from litter

representing shadéolerant species.

3. Based on the shift from ligldemanding to shadélerant tree species during sendary
successionyoung forest stands will have higher rates of litter decomposition and soil

respiration than old forest stands.
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3.3 Methods

Study site

The experiment took place across four stands of naturally regenerating regrowth forest in an
established chronosequencetin the Barro GoloradoNationalMonument (BCNM) Panama,
Central AmericaThe climate is classified as moist tropical with a distinctseason from
January to April with a mean annual temperature of around 27°Cnemgbeage annual rainfall

of 2600 mmof which 90% falls in the rainy seagdfindsor, 1990)Soils are described as clay

rich oxisols and silglay alfisols on sedimentaand volcanic parent materiglgavitt, 2000)

but do not differsignificantly in soil C and nutriefi@hapter2; Yavitt2000; Grimnet al,, 2008)

The BCNM chronosequence consists of permanent plots in 10 forest stands: two stands for each
of four fores age classes of secondary forest (SF), and two old growth forest (OG) stands for
comparison, eacht least 5 ha in siz&he OG stands are aged at >500 yearélwdt, De\Walt

and Denslow, 201@and secondary forest (SF) stands are currently 40, 60,d0D2anyears old
(Denslow and Guzman, 2000selected a subset of four standsiljsequentlyd0Y,60Y,90Y

and OG;Table 31) to represent gyradient of secondary regrowth foresticcessionWithin

each stand] established five replicate blocks, spacedeast 20 m aparbn level terrain,

avoiding obvious disturbances (e.g. footpaths, canopy gaps, animal activity) geofsilzle

Table3.1 Stand and soil characteristics for subset of four secondary forest stands (40, 60, 90 years old
and OG) in Panama, Central America used in a litter decomposition experiment; where Rl ACC = relative
abundarte of accelerating growth tree species, Rl DEGtiveeabundance of decelerating growth tree

species, BA = total tree basal area, C = total soil carbon, N = total soil nitrogen, C:N = carbon:nitrogen
ratio and pH = soil pH. Soil characteristics arengagemeans and standard error for n = 8 -40&m

sampling depth. Superscript numbers indicate the data source, where 1 = The geological composition of
the Panama Canal Watershed (STRI GIS Laboratory), 2 = Denslow and Guzman (2000), and 3 = Chapter 3
of this thesis. Different supescript letters indicat significant differences among forest age classes at p

< 0.05 determined by ANOVAS with Turkey -post comparisons and correction for multiple

comparisons.
Forest agel Geology Landuse€ RIACCRIDEC BA C Stock C N C:N pH
(vears) (9% (%p (mAhaP (Mgh#)2 (%} (%} 8 8

Tb  Swidden 43.37 4270 21.62 2975 522 0420 1283° 569
40 920 (+0.8) (£0.09 (+0.98 (+0.1§
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60 Tb  Plantaton 26.15 56.15 2206 2453 481 044 11.16® 6.3%
(35§ (+0.39 (+0.04) (+0.38) (+0.09)
oo |Tcv/Tem Swidden 1077 6875 4020 1805 376 020 1435 568
*3.39 (£0.39 (£0.03) (+0.49 (+0.18)
0G Tb  Oldgrowth 10.10 7522 2592 19.95 3.99 040 10.06 5.78b
(£0.91) (£0.09 (+0.01) (+0.4) (+0.14)

Litter treatments representing tree functional groups

To create functionally distinct littemixtures,| used speciespecific data on tree growth

response to increasing ligtittigeret al.2009)to represent tree community shade tolerance.

Briefly, speciesvere assigned to one ofzvb growthNB a Ll2y asS OF 6 S3I20NASaAaT Wk OO0
WRS OSt S NI itk ificRegsingliy iaged on a light effectgraeter ranging from0.6

to 3.3 Rugeret al. 2009 Chapter 2). Accelerating speciéight effect>1) represent light
demandingresource acquisitive’ LJA 2 y S S NuRereastdSe@fatthg speciedight effect

<1) represent shad®lerant, resource coservativespecies RRugeret al. 2009) To test the

hypothesis that changes itree functional groups during secondary succession explain

differences irdecomposition rates ansbil respirationl createdfive didinct litter treatments

1) litter from spea@s with an accelerating growth response to increasing light levels (ACC); 2)

litter from species with a decelerating growth response to increasing light levels (DEC); 3) a

mixture of ACC and DEC species (M) Xpatdiral mixed litter unique to each foresand (NAT);

and 5) a nofforest standard litterSaccharum spontaneulm (STP| also included bare soil

controls in each experimental block. Henceforth, the ACC, DEC and MIX litters are referred to

collectivd & & WT¥dzy OGA2y Ll f thie NATIaGINSTOIliNSEslaré feryed ta &> 6 KSNB |
WadlyRFNR fAGGSNI GNBFOGYSYy(daQoe

To ensure that the litter treatments represented changes in tree functional groups during

succession, while reflecting species compasisibthe study site, | used the followingeria

to choose species within each growth response category, based on tree census data for the

study sites: (a) the species showed a clear trend (positive or negative) in relative abundance

with forest age; (bthe species were representative of earliefater stages of succession based

2y 20KSNJ) a0dzRRAS&asE yR 600 (GKS &aLISOASaQ €SIT UGN
successional stage. Based on the above criteria, the ACC treatment includednittardhea
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seemanniiTriana & Planctand Miconia argentea(Sw.) DCto represent a young, light
demanding, secondary forest community and the DEC treatment included littePfatiam
panamensé¢Rose) I.M.Johnst. afi@tragastris panameis(Engl.) Kuntze to represent a shade
tolerant, old secondarpr oldgrowth forest community Higure 3.1 Table3.2). The MIX

treatment included all four species to represent intermediate successional stages.

The tree speciesuehea seemanifirigure 3.1as described as one of the dominant species of
secondary feests in all areas on the Pacific half of the Panama Canal Area. It also occurs sparsely
in oldgrowth forest as a large tree but rare as a sapling, only appearing in naturtdlitree
clearings(Gondit, Pérez and Daguerre, 201Miconia argentegFigure3.1b) is described as

being one of the most abundant species of secondary forests in the Panama Canal Area,
occurring only where there is light in natural clearings within the fgfesundit, Péreand
Daguerre, 2011Protium panamensg-igure 3.1c) is deribed as a widespread species on the
Caribbean half of the isthmus of Panama and abundant at Barro Colorado, occurring only in the
forest interior(Condit, Pérez and Daguerre, 20FinpallyTetragastris panamenigigure 3.1d)

is described as a verydespread species in Panama and is one of the dominant trees in the
old-growth forest canopy on BCI, with abundant saplings in understor@ydit, Pérez and
Daguerre, 2011)In addition, as a staadd litter treatment (STD), | includeshccharum
spontaneuni, 12 OF f £ &8 1y26y & Wt | ggrass.thbtiwgsird@uceéddoK A G S

the area to prevent soil erosion along the Panama Canal but does not occur within the forests.
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a) b)

e Miconia argentea
Luehea seemannii

c) d)

Protium panamense

Tetragastris panamensis
Figure3.1 Leavesflowers fruit and trunkof the four tree speciesa) Luehea seemannib) Miconia
argentea c)Protium panamensand d)Tetragastris panamensiwhich wereselected to represent a)b
lightdemanding treegommon in young secondatnppical forest stands andd), shadetolerant trees
older secondary forest and old growth tropical forest stamis?anama, Central Americ&ource:

(Condit, Pérez and Daguerre, 2011)

The selected spexs representative of younger secondary forest functional communities
generallydecreased in W with increasing forest age across the chronosequencehand
relatively high foliar nitrogen content highpecific leaf areeSLA, and relatively lodeaf mas
area (MA and leaf densityTable3.2), which is regarded as characterisiicmore light
demanding speciegChazdon, 2014Conversely,lte selected species representative of older

secondary/old growth forestee communitiesgenerally increased in IV with increasing forest
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age and have comparatively low foliar nitrogen, low, @bé relatively high LMA and leaf

toughness (Table 3.
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Tabk 3.2 Selectedunctional characteristics of fotnee species used to create three functidigalistinct
litter treatments (ACC, DEC and MéX}p litter decompogion experiment ithe BCNM Panama, Central
America where; man (b) = species specifight effect parameteiindicating either accelerating or
decelerating growtt{>1=accelerating growthACGQ, <l=decelerating growthEEC)SLA = specific leaf
area, DMC = leaf dry matter conterData source indicated with sugeript 1 =Rugeret al, (2009) and
superscript 2 =S.J. Wrighet al, (2012) accessed from the TRY Databage (www.try-db.org.

Species name | Species  Litter Mean Leaf Leaf N SLA LDMC
code treatment (b} density (mg/g) (mm¥mg) (g/gQ)

(g cr)

Luehea seemanni| LUEHSI ACC, MIX 2.00 0.30 22.38 17.02 0.42

Miconia argentea |MICOAF ACC, MIX 1.87 0.31 20.63 14.44 0.32

Protium panamensg PROTP, DEC, MIX 0.67 0.50 16.39 11.04 0.41

Tetragastrigpanaensi{ TET2P/ DEC, MIX 0.43 0.61 15.69 10.00 0.49

Initial litter collection, processing, and analyses

| collected freshly fallen littefor the four tree specieSLUEHSE, MICOAR, PROTPA, TET2PA)
during the dry sasonfrom February to April 2017, which coincided with the period of highest
litterfall and minimised decomposition prior to collectidritter was collected from the forest
floor at least once a week to sure fresh samples, avoiding specimens with visgias of decay

or disease, and species identity was dowblecked in the laboratoryf.o obtain representative
samples, | collected litter frotveneathc. 10 individuals of each species within the agesabdis
forest stand they represented. | also cdketa mixture of freshly fallen leaves in each of the
five blocks per stand which were then homogenised across the stand to cetatelapecific
natural mixed litter JAT) treatment, and the nodorest sandard litter Gaccharum
spontaneumfrom three bcations spaced. 20 m apart within the BCNMo characterise the
litter from the four species and evaluate possible irtemd interspecific variation, | also

collected replicate samples of freshly falléter for each species from total offive difierent
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individuals(or groups of individuajsvhere it was not possible to distinguish the litter among

closely grouped individuals) from agpresentative stand(s) for litter nutrient analysédl

litter samples were ovedried separately for 48 hours @85°C to constant weightirectly after

collection Toachieve a standard size of litter fragmefus the decomposition experimernt,

removed petioles and cut larger leaves into pieces of <l@mgth.| then created the three

functional litter treatmens (ACC, DEC, MIX) using equal mass of the constituent species (Table

33).

Table3.3 Treatments used in a decomposition experiment in Panama, Central America,gsti@vin

proportions andotal dry weight(g) ofeachlitter typein three functionalitter treatments and the total

dry weight of litter for natural litter and standard litter treatments.

Treatment | Description Species
LUEHSE MICOAR PROTPA TET2PA
1. ACC Accelerating species | 50% (6 g) 50% (6 g)
2. DEC Deceérating species 50% (6 Q) 50% (6 9)
3. MIX Mix of ACC and DEC| 25% (3 g) 25% (3 g) 25% (3 g) 25% (3 g)
Natural litter STD
4. NAT Natural litter 100% (12 g)
5.STD Standarditter 100% (12 g)
6. CTL Bare soil control

To determine thenitial chemical and fibre content of litter treatments, | ground a subset-of air
dried litter from each speci¢s < 1 mm©One composite sample from each speciesamadysed
bhi R A 3 S@GES AdRtgttion: fdrRtotal mineral elenis: Phosphoruf)
Potassium(K), Sodium(Na),

Aluminium (Al), Boron(B), Chromium (Cr), Copper(Cu), lroa@e)ickel(Ni) at the soll

oe |
Calcium(Ca), Magnesium(Mg), Manganese(Mn), , Zinc(Zn)
laboratory of the Smithsonian Tropical Research Institute in Paaartha further tvo samples

were analysedor P, K, Ca and Mg plus seleniumatSa commercial laboratory (Central
Analytical Laboratory, SRUC Veterinary Services, Midlothianad&lysed total litter C and N

from five replicates per species ushigh temperature comkation gas chromatography on a
Vario El lll C/N analyser (Elemen&iockport,UK) at Lancaster Universitydetermined total

fibre and lignin content from three replicate samples per speacigg) the acid detergent
extraction desdbed byVan Soest, Rebtson and Lewis (1994)analysed one set of samples

at Lancaster University by a tstep extraction method to determine acid detergent fibre
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(ADF) and acid detergent lignin (ABkigefly, 1 g of ground sample was placed in aloleiaith

1 g of acetailide and boiled for 1 hour with 100 ml of acid detergent solution (ADS) and four
drops of s Ol | y2f dzaAy3 | Ch{{ FAOSNISOu ynnn TFAONB
Denmark). Samples were rinsed with distilled water untiHaeeand soaked with reagt-

grade acetone then dried overnight at 105°C before weighing. Weighed samples were then
soaked in in 25 ml H2SO4 (72%) and stirred every hour for 3 hours, rinsed with hot distilled
water and dried overnight at 105°C. The sample®ween placed in a fuace at 525°C for 3

hours then left to cool in desiccators at room temperature before weighing. To calculate total
extracted fibre content (ADF), the weight of the processed sample was subtracted from the
original sample weight. Ligncontent was determied by subtracting the weight of the sample

from the final stage from the weight of total extracted fibre (ADF). Both stages were corrected
using blanksTo provide sufficient replicatesy@ther two sets of samples were analysed gisin

the acid detergent xraction method (ADF and ADL) and the neutral detergent extraction
method (NDF and NDL) at a commercial laboratory, (Central Analytical Laboratory, SRUC

Veterinary Services, Midlothian UK).

Mesocosm installation

To link measurements of litter decompasi and soil respiration, | uséd situmesocosmsd
delimit the experimental aredrom surrounding soil and litteMesocosms are an effective
method to measure both litter decomposition and soil respiratioa #ingle system; they
providecomparableitter mass loss measuremeritslitter-bags whileminimisng disturbance
and maintainingnaturalenvironmental conditiond_airdHopkinset al, 2017) Themesocosms
were 20 cm diameter PVC tubeut to c. 15-cmlengths andsunk into the soil to a depth &f

cm (Figures.2). The mesocosms weirestalledand natural litter removeth April 2017, at least
two weeks before the first measurements to allow the soil to recover from initial disturbance.
linstalled 12 msocosms in each of the fiveplicate blockper stand, wititwo mesocosms for
each of thefive litter treatmentsand two mesocosms without litter (bare soil controls; CTL).
One of the two mesocosms per treatment was useddpeatedmonthly measuremeniand

the second(duplicatg was used for desmictive sampling during the experimeridence, |
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installeda total of 240 mesocosms (four stands, five replicate blocks, six treafrivemtsets3,
givingn = 5 replicate values for each measurement and treatm@&m contain the litter
treatments within he mesocosmkusedY S & K H® |-am fhadtic meshwhichprovided
maximum contact between the litter and the soil during decomposition but also allowed for the
removal of the litter to measure mass lossidgrthe experimen{LairdHopkinset al, 2017)

and to takebelowground respiration (gRmeasurements fronthe underlying mineral soil
(Figure3.3). To calculate the appropriate dry weight of litter to use in the decomposition
experiment, | collected stding litter from the forest floor in Augu&016. | sampled four
points intwo stands okachforest age class by placiag2gGcm diameter section of PVC tube
on the forest floor and cuttingarefullycut around the outer edge to separate the sample from
the surrounding litterThe sampleweredried for 48 hours at 66 Andweighed to determine

the averagditter standingcropdry weight per unit aredn May 2017each basket receivel?

g dry weightof litter based on the average standing litter dry weight measured across the
chronosequencand thetops of themesocemswerecovered with mesh (Ethm) to minimise

additional inputs ohatural litter.

Figure3.2 Soil mesoasms in of one of five replicate blocks, used for a litter decomposition experiment
across an age gradient in four fetstands of naturally regenerating tropical forest in the Barro Colorado

Nature Monument, Panama, Central America.
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