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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 

aboveground biomass during forest regrowth. Over half of all C in tropical forests is stored 

belowground, yet in contrast to the predictable pattern aboveground, there is no clear pattern 

of soil C accumulation with time during forest regrowth, and we are therefore currently unable 

to predict and increase soil C sequestration during tropical forest regrowth. Soil C turnover and 

storage depends on the input of plant-derived organic matter which is likely to be affected by 

shifts in tree community resource-use strategy (functional group) during secondary succession 

from light-demanding to shade-tolerant species, and the corresponding reduction in litter 

quality. As tree community composition can differ between forest stands of similar ages, I 

hypothesised that tree community functional composition would better predict  soil C dynamics 

during secondary tropical forest succession than stand age and specifically, that differences in 

litter quality between shade-tolerant and light-demanding tree species would influence rates 

of soil C turnover via litter decay rates and changes to the soil microbial community. The body 

of work presented in this thesis provides compelling evidence in support of my overarching 

hypothesis that soil C accumulation is more closely related to tree functional composition than 

forest age. My studies highlight some of the potential pathways by which tree community 

composition can influence soil C storage via plant-derived organic matter inputs representing 

substrate for the soil microbial community. Overall, the research presented in this thesis 

demonstrates that tree functional composition could be one of the main factors determining 

belowground C storage and therefore, my work represents an important first step towards 

using tree functional groups to predict soil C accumulation in secondary tropical forests. 
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Table 2.1 Stand and soil characteristics for a chronosequence of 10 forest stands in Panama, 

Central America Subscript numbers indicate the data source, where 1 = Denslow and 

Guzman (2000) and  2 = The geological composition of the Panama Canal Watershed (STRI 

GIS Laboratory). ............................................................................................................... 33 

Table 2.2 General changes in foliar traits during succession in tropical forest, modified from 

Chazdon (2014)................................................................................................................ 35 

Table 2.3 Growth response categories for tree species along an age-gradient of lowland tropical 

forest sites in Panama Central America, based on tree sapling recruitment with increasing 

light (modified from Ruger et al. 2009). .......................................................................... 36 

Table 2.4 Mean soil values per age class for: C and N concentration (%), C:N ratio and pH plus 

standard error at three depth intervals (0-10, 10-20 and 20-30 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 for n = 8 (4 x replicate blocks per stand, 2 x stands per age class). Different super-

script letters indicate significant differences among forest age classes at p < 0.05 

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

comparisons. ................................................................................................................... 48 

Table 3.1 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 RI ACC = relative abundance of accelerating growth tree species, RI DEC = relative 

abundance 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 are given as means and standard error for n = 8  at 0-10 cm 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 super-script letters indicate significant differences 

among forest age classes at p < 0.05 determined by ANOVAS with Turkey post-hoc 

comparisons and correction for multiple comparisons. .................................................. 61 

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

functionally distinct litter treatments (ACC, DEC and MIX) for a litter decomposition 
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experiment in the BCNM Panama, Central America, where; mean (b) = species specific 

light effect parameter indicating either accelerating or decelerating growth (>1= 

accelerating growth (ACC), <1= decelerating growth (DEC), SLA = specific leaf area, LDMC 

= leaf dry matter content. Data source indicated with superscript 1 = Ruger et al, (2009), 

and superscript 2 =  S.J. Wright et al, (2012) accessed from the TRY Database 

(http://www.try-db.org). .................................................................................................. 66 

Table 3.3 Treatments used in a decomposition experiment in Panama, Central America, 

showing the proportions and total dry weight (g) of each litter type in three functional 

litter treatments, and the total dry weight of litter for natural litter and standard litter 

treatments. ...................................................................................................................... 67 

Table 3.4  Litter 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 = light-demanding (accelerating growth) species, DEC = shade-tolerant 

(decelerating growth) species, MIX = mixture of light-demanding and shade-tolerant 

species, and STD = non-forest standard litter treatment. ADF = acid detergent fibre, NDF 

= neutral detergent fibre,  TC = total carbon, TN = total nitrogen, CN ratio = 

carbon:nitrogen,  L:N ratio = lignin:nitrogen. Litter properties given as means and standard 

errors for n = 5 (TC, TN, C:N ratio), n = 3 (P, K, Mg, Na, Ca, Fe, Zn), n = 2 (ADF, NDF, S) and 

n = 1 (lignin, L:N ratio). Different super-script letters indicate significant differences among 

litter treatments at p < 0.05, determined by ANOVAs with Tukey post-hoc comparisons 

and correction for multiple comparisons. STD treatment consists of single species 

ΨSaccharum spontaneumΩ. See table 3.3 for species and treatment descriptions. .......... 75 

Table 3.5 Litter decay rates (k) for three functional litter treatments and two standard litter 

treatments across an age gradient of four tropical 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 = shade-tolerant (decelerating growth) species litter, ACC = light-

demanding (accelerating growth) species litter, MIX = mixture of decelerating and 

accelerating species litter, NAT = stand specific natural litter and STD = non-forest 

standard litter. Litter decay rates (k) given as means and standard error for n= 5. 

Significant differences between stands indicated with uppercase superscript and between 

litter treatments (excluding STD) with lowercase superscript determined by Tukey post-

hoc analyses at p < 0.05. .................................................................................................. 78 
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Table 4.1  Tree community metrics, metrics representing soil C turnover, soil chemical 

properties and microbial community metrics for four tropical forest stands along a 

successional gradient in Panama, Central America; where 40Y, 60Y and 90Y denote the 

estimated stand age in years, and OG Is old-growth forest, where Mean b = mean growth 

response value to increasing light; RI DEC = relative influence of shade-tolerant species 

and RI ACC = relative influence of light-demanding species, SRMEAN = mean total soil 

respiration. Total soil respiration and decay rate measurements are from a separate study 

(Chapter 4). Means and standard errors are given for n = 4 replicate blocks; significant 

differences among stands based on post-hoc tests are indicated by different superscript 

letters. ........................................................................................................................... 107 
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Figure 2.1 Map of the Barro Colorado Nature Monument (BCNM), showing the approximate 

location of 10 forest stands, 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 naturally 

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

Figure 2.2 Soil carbon content at: a) 0-30 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 = 0-10 cm, green = 10-20 cm, yellow = 20-30 cm). And soil carbon stock 

estimates (Mg ha-1)  at: c) 0-30 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 = 0-10 cm, yellow = 10-20 cm) across an age gradient of lowland tropical forest 

sites in Panama, Central America. Boxes denote the 25th and 75th percentiles and median 

lines are given for n = 4 (a and c) and n = 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 2.3 Stand 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 

concentrations at three depth increments (0-10 cm, 10-20 cm, 20-30 cm) Points represent 

mean for n = 4, shaded area denotes 95% confidence interval from linear model (lm 

function) prediction. ........................................................................................................ 42 

Figure 2.4 Stand 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, at 0-10 cm, 10-20 cm and 20-30 cm soil depth increments in a 

chronosequence of lowland tropical forest in Panama, Central America. Points represent 

mean for n = 4, shaded area denotes 95% confidence interval from linear model (lm 

function) prediction. ........................................................................................................ 44 

Figure 2.5  Estimates of stand mean soil carbon stocks (Mg ha¯¹) at 0-10 and 10-20 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 regenerating lowland tropical forest 

in Panama, Central America. Points represent mean for n = 4, shaded area denotes 95% 

confidence interval from linear model (lm function) prediction. ..................................... 45 



 

     xiii  

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
a
n
 2

0
1
4 

Figure 2.6 Soil carbon content along an increasing soil pH gradient from 10 stands in a 

chronosequence of naturally regenerating lowland tropical forest in Panama, Central 

America, at 0-10 cm, 10-20 cm and 20-30 cm depth increments. Points represent mean 

for n = 4, shaded area denotes 95% confidence interval from linear model (lm function) 

prediction. ....................................................................................................................... 46 

Figure 3.1 Leaves, flowers, fruit and trunk of the four tree species a) Luehea seemannii, b) 

Miconia argentea, c) Protium panamense and d) Tetragastris panamensis, which were 

selected to represent a,b) light-demanding trees common in young secondary tropical 

forest stands and c,d) shade-tolerant trees older secondary forest and old growth tropical 

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

 ......................................................................................................................................... 64 

Figure 3.2 Soil mesocosms in of one of five replicate blocks, used for a litter decomposition 

experiment across an age gradient in four forest stands of naturally regenerating tropical 

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

Figure 3.3 Experimental mesocosm showing the mesh basket which allowed the removal of the 

contained litter treatment for mass loss and soil respiration measurements during a litter 

decomposition experiment in the Barro Colorado Nature Monument, Panama, Central 

America. ........................................................................................................................... 70 

Figure 3.4 Litter 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 America. Non-forest standard litter (STD) = 

yellow, stand specific natural litter (NAT) = dark blue. Boxes denote the 25th and 75th 

percentiles and median lines are given for n = 5, whiskers indicate values up to 1.5 x the 

interquartile range, and dots indicate outliers. ............................................................... 77 

Figure 3.5 Litter mass loss of three functionally distinct litter mixtures after five months of 

decomposition across an age gradient of tropical forest in Panama, Central America; ACC 

= light-demanding, accelerating growth species (red), DEC = shade-tolerant, decelerating 

growth species (green), and MIX = a mixture of light-demanding and shade-tolerant 

species (blue). Boxes denote the 25th and 75th percentiles and median lines are given for 

n = 5, whiskers 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 refers to old growth, undisturbed forest. .................. 79 
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Figure 3.6 Soil 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, 90Y = olive green circles, 60Y = turquoise blue triangles and, 40Y  = 

purple diamonds. Separate figures show a) belowground respiration (SRB) from the bare 

soil control (CTL) treatment, b) total soil respiration (SR) from the decomposition of non-

forest standard litter (STD) treatment and c) total soil respiration from the decomposition 

of natural litter (NAT). Means and standard errors are shown for n = 5 per time point. Full 

six months respiration data shown but active litter decomposition commenced in June, 

hence respiration data from May was excluded from analyses for the STD and NAT 

treatments ....................................................................................................................... 81 

Figure 3.7 Mean soil respiration (SR) of three functional litter mixtures: light-demanding, 

accelerating growth species (ACC) = red squares, shade-tolerant, decelerating growth 

species (DEC) = green circles, and a mixture of light-demanding and shade-tolerant species 

(MIX) = blue triangles (see table 4.2 for description), from four forest stands measured 

over six months of a litter decomposition experiment in the BCNM Panama, Central 

!ƳŜǊƛŎŀΦ 5ƻǘǘŜŘ ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ ΨŜŀǊƭȅΩ ŀƴŘ ŘŀǎƘŜŘ ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ ΨƭŀǘŜΩ ŘŜŎƻƳǇƻǎƛǘƛƻƴ 

stages. Full six months respiration data shown but active litter decomposition commenced 

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

Figure 3.8 Comparison of total soil respiration (SR) during the decomposition for three 

functionally different tree litter mixtures: light-demanding species (ACC) = red squares, 

shade-tolerant species (DEC) = green circles, and a mixture of ACC and DEC (MIX) = blue 

triangles, among three stands of naturally recovering tropical forest (aged, 40, 60 and 90 

years) and an old growth stand, measured over six months of a litter decomposition 

experiment in the BCNM Panama, Central America. Full six months respiration data shown 

but active litter decomposition commenced in June, hence respiration data from May was 

excluded from analyses. ................................................................................................... 83 

Figure 3.9 Soil 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 = olive green circles, 60Y 

= turquoise blue triangles and, 40Y = purple diamonds. Separate figures show a) litter from 

light-demanding, accelerating growth species (ACC), b) litter from shade-tolerant, 

decelerating growth species (DEC) and c) mixed litter from light-demanding and shade-

tolerant species (MIX). Means and standard errors are shown for n = 5 per time point. Full 
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six months respiration data shown but active litter decomposition commenced in June, 

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

Figure 3.10 Mean litter-derived respiration (SRL) for three functional litter mixtures: light-

demanding, accelerating growth species (ACC) = red, a mixture of light-demanding and 

shade-tolerant species (MIX) = blue. and decelerating growth species and shade-tolerant 

(DEC) = green, across an age gradient of four naturally regenerating tropical forest stands 
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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 lines are given for n = 10, whiskers indicate values up to 1.5 x the interquartile 

range, and dots indicate outliers. .................................................................................... 86 

Figure 4.1 Soil sampling design for microbial analysis on two spatial scales in a 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 x 20 m) sample blocks spaced at least 20 m apart in a subset of four stands (4 

stands x 4 blocks x 4 samples = 64 samples in total). ...................................................... 99 

Figure 4.2 NMDS representation of soil microbial community composition in 10 forest stands 

along an age gradient of naturally regenerating tropical forest; ordinations were based on 

Bray-Curtis dissimilarities of phospholipid fatty acid (PLFA) biomarkers in soil samples 

collected at 0-10 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 maroon dots) and old-growth (OG; > 500 year old; red squares) 

forest stands in Panama, Central America. Ordinations were based on BrayςCurtis 

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

Figure 4.3 Relationship between soil microbial biomass and tree community shade tolerance in 

10 forest stands of five age classes along 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 at 0-10 cm, and shade-tolerance is 

represented by the ratio of shade-tolerant to light-demanding 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) and old-growth (OG; > 500 

year old; red). ................................................................................................................ 105 
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Figure 4.4 NMDS representation of soil microbial community composition in four forest stands 

along an age gradient of naturally regenerating tropical forest in Panama, Central America; 

ordinations were based on Bray-Curtis dissimilarities of phospholipid fatty acid (PLFA) 

biomarkers in soil samples collected from 0-5cm in four blocks per stand, where 40 year 

old (40Y; blue diamonds), 60 year old (60Y; green triangles), 90 year old (90Y; orange 

circles) 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 m2 radius) are fitted as vectors (black arrows), where RI.DEC is the 

relative influence of shade-tolerant (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 group blocks within stands based 

on 99% confidence intervals. ......................................................................................... 108 

Figure 4.5  Soil microbial biomarker groups from PLFA analysis along a successional gradient of 

four forest stands (40 year old, 60 year old, 90 year old and OG = old-growth (>500 year 

old) forest) for a) total microbial biomass, b) total fungal biomass, c) the relative 

abundance of arbuscular mycorrhizal fungi (AM fungi), d) the ratio between fungi and 

bacteria, e) the relative abundance of gram-negative bacteria, f) the relative abundance 

of gram-positive bacteria, and g) the ratio between gram-positive and gram-negative 

bacteria. Soil was sampled from 0-5 cm depth, PLFA data from each replicate block were 

combined resulting in n = 4 per stand. Significant differences among stands were 

determined by Tukey post-hoc analyses and indicated by different letters at p < 0.05. 

Boxes denote the 25th and 75th percentiles and median lines, whiskers indicate values up 

to 1.5 x the interquartile range, and dots indicate outliers............................................ 110 

Figure 4.6 Relationship between a) total soil microbial biomass and b) total fungal biomass and 

block-mean tree community growth response to light (mean b; Rüger et al., 2009) in four 

forest stands in a tropical forest in Panama, Central America; where microbial biomass is 

represented by total phospholipid fatty acids (PLFA) in soils sampled at 0-5 cm and stands 

are represented by age (years since last disturbance event and OG = old-growth forest).
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1 Introduction  
  
 

1.1 The new normal - regenerating tropical forests  

¢ƘŜ ǿƻǊƭŘΩǎ ƴŀǘǳǊŀƭ ŜŎƻǎȅǎǘŜƳǎ ŀǊŜ ŎƘŀƴƎƛƴƎΦ IǳƳŀƴ ŀŎǘƛǾƛǘȅ Ƙŀǎ ǊŀŘƛŎŀƭƭȅ ŀƭǘŜǊŜŘ ǘƘŜ ƴŀǘǳǊŀƭ 

environment to such an extent thŀǘ ǳƴŘƛǎǘǳǊōŜŘ ΨǇǊƛǎǘƛƴŜΩ ƻǊ ΨƛƴǘŀŎǘΩ ŜŎƻǎȅǎǘŜƳǎ ŀǊŜ ōŜŎƻƳƛƴƎ 

a rarity and human-modified landscapes, in a myriad of conditions now dominate much of the 

planet (Foley et al., 2005). As the human population and patterns of consumption continues to 

expand, and the drivers of environmental change persist, human modified landscapes will 

become increasingly important as the primary providers of global ecosystem services (ESS). 

Tropical forests in particular are being modified by human activities at an alarming rate 

(Chazdon and Guariguata, 2016; FAO, 2018).  

To understand how changes to natural ecosystems might affect the cycling of matter and 

energy and the wider implications of this, there is a pressing need to advance scientific 

knowledge on ecosystem functioning in a changing world. Global carbon (C) cycling and its role 

in climate change, is high on the agenda as a research priority, most notably in the globally 

extensive and rapidly changing tropical forest ecosystems (FAO, 2018). A comprehensive, 

mechanistic understanding of C cycling and storage as tropical forests undergo change is 

essential to improve model predictions (Box 1), inform policies and practices to halt the release 

of carbon dioxide (COі) and help mitigate the effects of climate change through C 

sequestration. 
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1.2 Growing importance of secondary tropical forests for global 

carbon balance  

Although tropical forests occupy a small fraction of total land surface, they play a leading role 

in helping maintain life on Earth: they are estimated to support around half of all species and 

are key players in climate regulation, most notably for their crucial contribution to global 

terrestrial C storage and dynamics (Pan et al., 2011; Townsend et al., 2011; Martin, Bullock and 

Newton, 2013; Anderson-Teixeira et al., 2016)Φ hŦǘŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ ΨƭǳƴƎǎ ƻŦ ǘƘŜ ǇƭŀƴŜǘΩΣ 

tropical forests function as the largest component of the terrestrial C sink, as they are 

responsible for around c. 40% of net primary production (NPP; Cleveland et al., 2011) and store 

c. 45% of terrestrial C (Anderson-Teixeira et al., 2016), sequestering around half of global 

anthropogenic CO2 emissions (Yin, Wu and Li, 2018). They are also the largest natural source of 

CO2 (Sayer et al., 2011) returning C to the atmosphere via the decomposition or burning of 

organic matter. Hence, tropical forests play a key role in the global C cycle via major 

bidirectional transfer of CO2 with the atmosphere, and until recently, tropical forest ecosystems 

represented the most important terrestrial C sink. 

Over the last two decades, human activities have turned tropical forest regions from a C sink 

into a source of CO2 emissions (Malhi, 2010). Deforestation and land-use change such as logging 

and agricultural expansion continues to decimate vast areas of intact tropical forest annually 
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(Chazdon and Guariguata, 2016; FAO, 2018), which not only has devastating consequences for 

biodiversity  (Barlow et al., 2016) but has also led to growing uncertainties regarding the C 

balance of tropical forests. Tropical deforestation and land-use change is the second largest 

source of anthropogenic greenhouse gas emissions after fossil fuel use (FAO, 2018) with an 

estimated 2.6 Gt CO2 emitted between 2010-2014 due to the expansion of croplands, pastures 

and forestry plantations (Pendrill et al., 2019). Furthermore, recent research suggests that the 

ability of remaining intact tropical forests to sequester C is in decline (Hubau et al., 2020), while 

CO2 release from microbial activity is increasing (Bond-lamberty et al., 2018), raising the 

concern that tropical forests may now be functioning as a net C source rather than a sink 

(Baccini et al., 2017).  

As a consequence of wide-spread tropical deforestation and land-use change, over half of all 

remaining tropical forest is now classed as secondary, degraded or regenerating forest (FAO, 

2015; Poorter et al., 2016). Agricultural abandonment, as part the common practice of swidden 

agriculture, along with recovery from selective logging, has created an extensive mosaic of 

naturally regeneǊŀǘƛƴƎ ΨǎŜŎƻƴŘŀǊȅΩ ƻǊ ΨǊŜƎǊƻǿǘƘΩ ŦƻǊŜǎǘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǘǊƻǇƛŎǎΣ ǿƘƛŎƘ is 

expected to expand in the future (Chazdon, 2014). As such, secondary regrowth forests have 

received growing attention and are increasingly looked towards as critical providers of tropical 

forest ecosystem services for both biodiversity conservation (Chazdon et al., 2009) and climate 

regulation (Poorter et al., 2016).  

Naturally regenerating tropical forests can rapidly accumulate atmospheric CO2 in aboveground 

biomass (Pan et al., 2011) which is estimated to reach 90% of intact forests after c. 66 years 

with an average biomass recovery after 20 years of 122 megagrams per hectare (Poorter et al., 

2016). The net uptake of C by secondary regrowth forests (3.05 Mg C y-1) is 11 times that of old-

growth (Poorter et al., 2016). As such, natural regeneration of tropical forests is widely 

considered to be an effective low-cost mechanism to sequester large amounts of CO2 from the 

atmosphere (Pan et al., 2011; Chazdon, 2016), and therefore represents a significant climate 

change mitigation strategy (Chazdon and Guariguata, 2016; Schwartz et al., 2017; Lewis et al., 

2019; Romijn et al., 2019; Mackey et al., 2020). 

The C sequestration potential of naturally regenerating tropical forests can be an important 

motivating factor to reach national targets for forest restoration (Poorter et al., 2016) for 

example though initiatives such as The Bonn Challenge (https://www.bonnchallenge.org), and 

Initiative 20 × 20 (https://initiative20x20.org). To date, nearly 300 Mha of degraded land has 
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been committed for forest restoration in the tropics and subtropics through local and global 

initiatives (Lewis et al., 2019). However, the majority of this area has been earmarked for 

commercial plantations, which support local economies but are estimated to sequester around 

40 times less C than natural forests (Lewis et al., 2019). Along with the protection of remaining 

old growth forests in the fight against rising levels of atmospheric CO2 (Pan et al., 2011; Mackey 

et al., 2020), these findings further emphasize the significant potential of naturally regenerating 

tropical forests as a whole. This highlights the need for reliable predictions of C accumulation 

during forest regrowth to encourage greater inclusion of naturally regenerating forest in 

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

Whilst evidence of rapid tree regrowth following disturbance highlights the huge C 

sequestration potential of naturally regenerating tropical forests aboveground, we know 

relatively little about the changes, interactions and processes involved in the storage and 

cycling of C in tropical forest soils during secondary forest regrowth (Marín-Spiotta and Sharma, 

2013; Martin, Bullock and Newton, 2013). 

 

Soil carbon dynamics in secondary tropical forests 

Soils make up the largest C pool in the terrestrial biosphere (Yang, Luo and Finzi, 2011) and 

account for over half of the C stock in tropical forests (Don, Schumacher and Freibauer, 2011). 

Tropical forest soils are an important part of the global C balance, but our understanding of soil 

C dynamics during secondary forest regrowth is hampered by the complexity of biogeochemical 

processes and interactions, the lack of studies in tropical regions, and inconsistent patterns of 

soil C losses and gains during forest disturbance and recovery (Yang, Luo and Finzi, 2011; Li, Niu 

and Luo, 2012; Marín-Spiotta and Sharma, 2013; Martin, Bullock and Newton, 2013; Powers 

and Marín-Spiotta, 2017).  

In contrast to the relationship between forest stand age (years since last disturbance event) 

and aboveground biomass C accumulation, patterns of C loss and gain in soils during tropical 

forest regrowth are less clear. For example, several studies, including meta-analyses and 

syntheses, have reported either a weak relationship, no significant change, or contrasting 

results for changes in soil C during tropical forest regrowth as a function of forest age (Li, Niu 

and Luo, 2012; Marín-Spiotta and Sharma, 2013; Martin, Bullock and Newton, 2013; Powers 

and Marín-Spiotta, 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 fallow age (Yang, Luo and Finzi, 2011). These results suggest 

that forest stand age is of limited use for predicting soil C dynamics in secondary tropical forests 

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

Although the cycling and storage of C in tropical forest soils is partly determined by climate, soil 

characteristics and land-use history (Marín-Spiotta and Sharma, 2013), changes in tree 

functional groups and the quality and quantity of plant-derived organic matter during forest 

regrowth are expected to have a significant impact on soil C dynamics (Laird-Hopkins et al., 

2017; Kerdraon et al., 2019). Plant litter decomposition plays a fundamental role in soil C 

storage (Sayer, 2006; Prescott, 2010; Sayer and Tanner, 2010). During decomposition, C and 

nutrients are sequentially broken down and made available to plants, beginning with the more 

labile and soluble compounds within litter (e.g. sugars) and eventually the most recalcitrant 

forms (e.g. lignin) (Kutsch, Bahn and Heinemeyer, 2009). Plant-derived C compounds are either 

mineralised and returned to the atmosphere as CO2 or immobilised in the soil matrix (Kutsch, 

Bahn and Heinemeyer, 2009). The balance between soil C storage and release during 

decomposition could eventually determine whether a forest functions as a C source or sink and 

hence even slight changes affecting the decomposition of organic matter can have a significant 

effect on C dynamics (Sayer et al., 2011). 

Changes in organic matter quality, i.e. dominant C forms 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 processes and is strongly linked to substrate availability (Kutsch, Bahn and 

Heinemeyer, 2009), whereby total microbial biomass tends to increase with increasing soil 

organic matter content (Yao et al., 2000). Recent research suggests that labile C compounds 

are used more efficiently and thus stimulate the turnover of microbial biomass, resulting in the 

production of increasingly stable C compounds (Cotrufo, Wallenstein and Boot, 2013). The 

formation of stable soil organic matter may also be partially explained by differences in soil 

microbial structure. For example, the metabolization of easily degradable compounds from 

nutrient-rich organic matter is generally associated with small-bodied, fast-growing 

microorganisms termed zymogenous or r-strategists (e.g. Gram-negative bacteria), which have 

high turnover rates. By contrast, degradation of more complex structural compounds generally 

found in nutrient-poor organic matter requires the activity of larger, slow-growing 

microorganisms termed autochtonous or K-strategists (e.g. fungi and Gram-positive bacteria), 
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which have slower turnover rates (Kutsch, Bahn and Heinemeyer, 2009; Zhou et al., 2017). 

Hence, soil carbon storage may be largely determined by microbial community composition, 

which in turn is shaped by the quality of plant 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 the plant community (De Deyn, Cornelissen and Bardgett, 2008), 

which changes during secondary succession (Chazdon, 2014). In tropical forests, light-

demanding tree ǎǇŜŎƛŜǎ ǘƘŀǘ ƛƴǾŜǎǘ ƛƴ Ŧŀǎǘ ƎǊƻǿǘƘ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ŀǎ ƘŀǾƛƴƎ ΨƘƛƎƘ ǉǳŀƭƛǘȅΩ, 

easily decomposable leaves, which have high nutrient concentrations (e.g. N, P), high specific 

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

Chazdon, 2014). Conversely, shade-tolerant trees preferentially invest in structure, defence and 

longevity, ǊŜǎǳƭǘƛƴƎ ƛƴ ƭŜŀǾŜǎ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ŀǎ Ψƭƻǿ ǉǳŀƭƛǘȅΩΣ ǘȅǇƛŎŀƭƭȅ ǿƛǘƘ ƭƻǿ ƴǳǘǊƛŜƴǘ 

concentrations, high fibre and lignin content and greater concentrations of foliar defence 

compounds such as tannins and phenols (Wright et al., 2004; Ostertag et 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 and functional groups during secondary succession are 

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

mature. During early succession, high light levels allow fast-ƎǊƻǿƛƴƎ ΨǇƛƻƴŜŜǊΩ ǎǇŜŎƛŜǎ to out-

compete slower-growing species to dominate the canopy. However, as light becomes more 

limited in later succession there is a progression towards a dominance of shade-tolerant species 

(Dent, DeWalt and Denslow, 2012; Chazdon, 2014; Whitfeld et al., 2014). The shift from light-

demanding to shade-tolerant species can also be characterised as a shift in the resource use 

ǎǘǊŀǘŜƎȅ ƻŦ ǘƘŜ ŘƻƳƛƴŀƴǘ ǘǊŜŜ ǎǇŜŎƛŜǎΣ ŦǊƻƳ ΨŀŎǉǳƛǎƛǘƛǾŜΩ ǘƻ ΨŎƻƴǎŜǊǾŀǘƛǾŜΩ ŀƭƻƴƎ ŀ Ŧŀǎǘ-slow plant 

economic spectrum (Reich, 2014), which is reflected in a set of coordinated leaf functional traits 

(Conti and Díaz, 2013) ǊŜǎǳƭǘƛƴƎ ƛƴ ΨƘƛƎƘΩ ŀƴŘ ΨƭƻǿΩ ƭƛǘǘŜǊ ǉǳŀƭƛǘȅ ǊŜǎǇŜŎǘƛǾŜƭȅ (Wright et al., 2004; 

Ostertag et al., 2008; Chazdon, 2014). Hence, the shift from light-demanding to shade-tolerant 

tree functional groups during secondary succession and the accompanying reduction in litter 

quality is expected to influence rates of soil C turnover via changes to litter decomposition rates 

and microbial respiration.   
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However, the trajectory of tree community composition can be influenced by a multitude of 

factors, including soil physicochemical properties and former land-use (Chazdon, 2014) and as 

such, the functional characteristics of dominant tree species may differ within and among 

secondary forest stands of the same age (Norden et al., 2015; Boukili and Chazdon, 2017). 

Consequently, characterising 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 above- and belowground C dynamics during 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 secondary forest succession by investigating the 

relationship between tree functional assemblages and soil C dynamics. The present thesis 

comprises five chapters: this introduction to the thesis (Chapter 1), three original pieces of 

research (Chapters 2-4) and an overall discussion of the work (Chapter 5).  

My studies assessed changes in tree functional groups, soil C, decomposition processes and soil 

microbial communities along a chronosequence of naturally regenerating moist tropical forest 

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

In Chapter 2 I test the hypothesis that tree functional groups have a stronger influence on soil 

C than forest age by assessing the relationship between the relative influence of shade-

tolerance tree species on soil C (concentrations and stocks) across five forest age classes. I 

demonstrate that surface soil C content is strongly related to tree community shade-tolerance, 

suggesting that high-quality plant inputs may play a key role in soil C accumulation during 

secondary succession. 

In Chapter 3 I test the hypothesis that the shift from light-demanding to shade-tolerant tree 

species during secondary succession is reflected in changes in C turnover and litter decay rates. 

I conducted an in situ decomposition experiment across an age gradient of naturally 

regenerating tropical forest, and measured litter decay and soil respiration rates to represent 

soil C dynamics. I demonstrate that litter from light-demanding species decomposes more 

rapidly than that of shade-tolerant species and the temporal response of soil respiration rates 

reflect differences in litter decay rates.  
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In Chapter 4 I test the hypothesis that dominant tree functional groups influence the 

abundance, structure and activity of soil microbial communities. My study assessed the 

relationships between soil microbial metrics, tree community shade-tolerance, and litter 

decomposition or soil respiration rates as proxies for soil C turnover across an age gradient of 

naturally regenerating tropical forest. I demonstrate clear links between tree community 

shade-tolerance, 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  

Regenerating tropical forests are increasingly important for their role in the global carbon (C) 

budget. Carbon stocks in aboveground biomass can recover to old-growth forest levels within 

60-100 years, but more than half of all C in tropical forests is stored belowground, 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 related to past land-use, species composition, and soil 

characteristics may also be important controls of soil C accumulation during tropical forest 

recovery. In this study, I assessed the relationship between soil C, forest age, and stand 

characteristics during secondary forest succession across an age-gradient of between 40 to 

120Y naturally regenerating secondary forest (SF) and old-growth (OG) tropical forest stands in 

Panama. Using tree census data and light response classes (a proxy measure of shade tolerance 

and function) I assessed the relationship between the 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 stand age and no clear influence 

of past land-use. However, soil C decreased with increasing stand basal area and there was a 

strong relationship between tree functional groups and soil C content at 10-cm depth, whereby 

soil C increased with the increasing relative influence of light-demanding species. The 

accumulation of belowground C is more strongly linked to tree species composition than forest 

age or soil characteristics in these forests. The faster turnover of nutrients through the 

decomposition of generally more nutrient rich organic matter (leaf litter) could result in a 

greater build-up of C in the surface layer of soils in stands with a higher proportion of light 

demanding species. These findings help improve our understanding of above-belowground 

relationships during 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 critically important ecosystems for the rich biodiversity they support and as 

key providers of wider ecosystem services, in particular for their crucial contribution to global 

terrestrial carbon (C) storage and dynamics (Pan et al., 2011; Townsend et al., 2011; Martin, 

Bullock and Newton, 2013; Anderson-Teixeira et 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 secondary, 

degraded or regenerating (FAO,  2015; Poorter et al., 2016), increasing the global importance 

of these forests as the dominant provider of key tropical forest ecosystem services (Chazdon, 

2014).  

Tropical forest regeneration, through natural regrowth, afforestation or restoration activities, 

can rapidly sequester large amounts of atmospheric carbon dioxide (CO2) in aboveground 

biomass. Following the cessation of agricultural practices such as crop production and pasture, 

naturally regenerating forests generally follow a predictable pattern of aboveground biomass 

recovery (Powers and Marín-Spiotta, 2017), characterised by rapid accumulation in the early 

stages of stand development until canopy closure, followed by gradual saturation, and then 

often a slight decline due to tree mortality in later stages of succession (Yang, Luo and Finzi, 

2011; Zhu et al., 2018). For example, in a multi-site chronosequence study in the Neotropics, 

naturally regenerating tropical forests recovered 90% of old-growth biomass values after 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 that of old-growth 

forests (Poorter et al., 2016). These results reinforce the importance of 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, estimates suggest as much as 60% of 

the total tropical forest C stock is stored belowground in soils (Don, Schumacher and Freibauer, 

2011). In contrast to our understanding of aboveground C recovery during secondary 

succession, we know relatively little about the changes, interactions and processes involved in 

the storage and cycling of C in tropical forest soils during secondary forest regrowth (Marín-

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 not follow a predictable pattern of loss and recovery with land-use change in tropical 

forests. Several meta-analyses and syntheses, which bring evidence together for multiple field 

studies in the tropics, have reported either a weak relationship, no significant change, or 

contrasting results for changes in soil C during forest regrowth as a function of forest age (Li, 

Niu and Luo, 2012; Marín-Spiotta and Sharma, 2013; Martin, Bullock and Newton, 2013; Powers 

and Marín-Spiotta, 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 age (Yang, Luo and Finzi, 2011). Multiple factors (and 

their interactions) affect soil C dynamics during forest recovery, including climate (Marín-

Spiotta and Sharma, 2013), soil and vegetation characteristics (Laganière, Angers and Paré, 

2010), the extent of the initial disturbance, and the type, duration and intensity of previous 

land-use (Laganière, Angers and Paré, 2010). The relative influence of many of these factors 

remain poorly understood (Laganière, Angers and Paré, 2010; Li, Niu and Luo, 2012), 

particularly  in tropical forests, where the astonishing diversity of plant species and potential 

variability in tree functional change between different chronosequences may mask underlying 

mechanisms.  

 

Vegetation characteristics during succession 

As soil C dynamics are largely driven by input from plant material (from above and belowground 

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

an important influence on soil C cycling in regenerating tropical forests (Laird-Hopkins et al., 

2017). Although a number of factors can influence aboveground biomass recovery (Johnson et 

al., 2000) and the successional trajectory of plant communities following human disturbance 

(Marìn-Spiotta et al., 2008; Arroyo-Rodríguez et al., 2017)Σ ǳƴŘŜǊ ΨƻǇǘƛƳŀƭΩ ŎƻƴŘƛǘƛƻƴǎ ǿƘŜǊŜ 

disturbance to soil and seedbank are minimal and forests can naturally regenerate, there are 

predictable changes in aboveground structural and functional characteristics during secondary 

succession (Chazdon, 2014).  
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Basal area change 

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

aboveground biomass 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 contribute to soil C stocks. Although there is a general increase in tree basal area 

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

ŀǎ ΨǘǊŜŜ ǇŀŎƪƛƴƎΩ ǎŀǘǳǊŀǘŜǎ ŀƴŘ ǎƻƳŜǘƛƳŜǎ ŜǾŜƴǘǳŀƭƭȅ ŘŜŎƭƛƴŜǎ ǿƛǘƘ ǘƛƳŜΦ !ƭǘƘƻǳƎƘ ǘƘƛs 

ΨƛƴǘŜǊƳŜŘƛŀǘŜ ǇŜŀƪ ǘƘŜƻǊȅΩ (Denslow and Guzman, 2000) has sometimes been shown to be 

scale-dependent where larger, landscape-scale studies continue to see an increase in stand BA 

with time (Mascaro et al., 2012), BA is suggested to be a more useful predictor of successional 

changes during forest regrowth than forest age (Lohbeck et 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 secondary forest succession is 

largely driven by competition among species for changing resources (light, nutrients and water), 

as fast-growing, light-ŘŜƳŀƴŘƛƴƎ ǘǊŜŜǎ ǿƛǘƘ ΨŀŎǉǳƛǎƛǘƛǾŜΩ ƎǊƻǿǘƘ ǎǘǊŀǘŜƎƛŜǎ όΨǇƛƻƴŜŜǊΩ ǎǇŜŎƛŜǎύ 

are gradually replaced by more slow-growing, shade-ǘƻƭŜǊŀƴǘ ǘǊŜŜǎ ǿƛǘƘ ΨŎƻƴǎŜǊǾŀǘƛǾŜΩ ƎǊƻǿǘƘ 

strategies (Chazdon, 2014; Whitfeld et 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 soils may significantly alter soil C and nutrient cycling throughout secondary succession 

through for example, the decreasing nitrogen (N) content in litterfall (Davidson et al., 2007). 

Acquisitive growth strategists prioritise investment in light capture and rapid growth; generally, 

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

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

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

these differences 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 species (more common in early succession) than in (typically older) forests 

with comparatively more shade-tolerant species, and that soil C would accumulate over time 

as forests mature. 
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Influence of land use and soil characteristics on carbon accumulation 

during succession  

Former land use is an important predictor for 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 conversion to pasture (Don, Schumacher and 

Freibauer, 2011; Li, Niu and Luo, 2012). Highly disturbed soils therefore also have the greatest 

rate of soil C gain during recovery following the cessation of agriculture and forest regrowth 

(Laganière, Angers and Paré, 2010). Soil physical and chemical characteristics can also affect 

the accumulation and cycling of soil C; for example, soil pH can strongly affect the abundance 

and diversity of soil bacteria (Fierer and Jackson, 2006; Rousk et al., 2010; Zhou, Wang and Luo, 

2018), which play an essential role in soil C and nutrient dynamics 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 long-term sustainability of soil C sequestration (Yang, Luo and Finzi, 

2011) and changes in soil N dynamics have been shown to be related to changes in vegetation 

during forest recovery (Amazonas et al., 2011), however, soil N was not shown to increase with 

forest age in the SF stands on BCNM (Jones et al., 2019).   

 

Given the many potential influences on soil C accumulation during secondary succession, 

examining above-belowground processes and interactions during the recovery of naturally 

regenerating tropical forest provides an excellent opportunity to improve our understanding of 

belowground C dynamics during tropical forest regrowth and assess the wider potential of 

forest restoration activities to help mitigate atmospheric CO2 concentrations thought soil C 

sequestration. 

I investigated the relationship between functional changes in vegetation during secondary 

succession and patterns in soil C using an existing chronosequence of naturally regenerating 

moist tropical forest located within Barro Colorado Nature Monument (BCNM) in central 

Panama. The chronosequence provides an exceptional opportunity to study soil C recovery over 

a wide age range of recovering secondary tropical forest (40 ς 120 years; Rozendaal et al., 2019) 

and old growth forest, for which extensive aboveground plant census data is available. 

Successional and functional patterns in aboveground communities have previously been 

characterised by Dent, DeWalt and Denslow (2012); their results revealed that tree community 
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shade tolerance increased with stand age for three size classes (seedling, sapling and adult 

trees) along the chronosequence. However, the relationship between changes in aboveground 

functional groups during succession and soil C has not yet been characterised. 

Given that soil C during secondary forest succession is likely to be strongly influenced by historic 

soil disturbance and soil characteristics, as well as the quantity and quality of plant inputs, I 

hypothesised that stand basal area and the proportion of different tree functional groups would 

have a greater influence on soil C content and stocks than stand age per se. Specifically, I 

hypothesised that: 

1) Soil C content and stocks will increase with stand basal area 

2) Soil C content and stocks will increase with greater dominance of shade-tolerant trees 

3) Soil C content and stocks will increase with increasing soil pH  and 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, I measured soil C concentrations, estimated soil C stocks, and assessed 

tree functional groups across 10 forest stands in five age classes, taking into account differences 

in former land-use and soil properties. 

  



Chapter 2: Soil carbon in a regenerating tropical forest is related to tree functional composition, rather than stand age 

 

     31 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
a
n
 2

0
1
4 

2.3 Methods  

Chronosequence description 

The chronosequence stands are located throughout the Barro Colorado National Monument 

(BCNM) which comprises the 1500-ha Barro Colorado Island (BCI) and five surrounding 

mainland peninsulas (Figure 2.1). The climate is classified as moist tropical with a distinct dry 

season from January to April with a mean annual temperature of around 27°C and an average 

annual rainfall of 2600 mm, of which 90% falls in the rainy season (Windsor, 1990).  

The chronosequence was chosen because it is considered to be largely representative of forest 

recovery following the wide-ǎǇǊŜŀŘ ǇǊŀŎǘƛŎŜ ƻŦ ΨǎǿƛŘŘŜƴΩ ŀƎǊƛŎǳƭǘǳǊŜ in the tropics (Denslow 

and Guzman, 2000; Dent, DeWalt and Denslow, 2012), where deforestation for agriculture and 

subsequent farm abandonment over time has created a mosaic of old-growth (OG) and 

naturally regenerating secondary forests (SF). Past land-use within the chronosequence 

included pasture for cattle, fruit and vegetable production, and plantations (Denslow and 

Guzman, 2000; Leigh, Rand and Winsor 1983; Table 2.1). More recent human disturbance on 

the peninsulas of the BCNM form an extensive age gradient of tropical forest with 10 defined 

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

present study, were estimated at 40, 60, 90 and 120 years since agricultural abandonment, and 

two undisturbed OG stands (Dent, DeWalt and Denslow, 2012). Stand ages were determined 

using a combination of early publications and accounts; aerial photographs; and interviews with 

long-term residents, scientists, farmers and forest guards (Dalling and Denslow, 1998; Denslow 

and Guzman, 2000; Dewalt, Schnitzer and Denslow, 2000; Mascaro et al., 2012). The age 

estimates for the stands are considered to be approximate to within 10 years of accuracy 

(Dalling and Denslow, 1998; Denslow and Guzman, 2000; Mascaro et al., 2012). Stands were 

established on level terrain, running parallel to slopes and avoiding creeks and trails (Denslow 

and Guzman, 2000). Each stand has an area of at least 5 ha and there has been no further 

disturbance to stands since agricultural abandonment. (Denslow and Guzman, 2000; Dewalt, 

Schnitzer and Denslow, 2000; Dent, DeWalt and Denslow, 2012; Mascaro et al., 2012). The 

wider study area provides data on species composition, plant traits and forest dynamics (Leigh, 

Rand and Windsor, 1983; Leigh. et al., 2004; Kattge et al., 2011; Condit, Chisholm and Hubbell, 

2012). Species richness is quite constant across stands of different ages and attains levels of OG 

forest within 20 years of succession (Denslow and Guzman, 2000; Dent, DeWalt and Denslow, 

2012). Tree species composition between stands of the same age class is more variable in the 
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youngest forest stands and becomes more similar with stand age (DeWalt, Maliakal and 

Denslow, 2003; Dent, DeWalt and Denslow, 2012). In contrast to species richness, functional 

diversity (characterised as community-level shade tolerance from basal area weighed mean) 

increases with stand age and converges with that of OG forest over time (Dent, DeWalt and 

Denslow, 2012). 

The BCNM chronosequence overlies volcanic (andesite) and sedimentary (volcanic and marine 

derived) geological units, which have weathered to form a variety of soil types (Baillie et al., 

2007). Although the most significant difference in soil type is between those derived principally 

from volcanic composition (which weather to produce mainly kanditic and oxidic clays) and 

those from the sedimentary Ψ/ŀƛƳƛǘƻ ƳŀǊƛƴŜΩ ŦŀŎƛŜǎ όwhich produces more smectitic clays; 

Baillie et al., 2007), a number of studies report little variation in soil chemical properties across 

soil types (Yavitt and Kelman Wieder, 1988; Yavitt, 2000; Barthold, Stallard and Elsenbeer, 

2008). Soils on BCI are reported to be rich in nitrogen (N; Yavitt and Wieder, 1988)  and have a 

high cation exchange capacity (CEC) despite differences in derived parent material (Baillie et al., 

2007). However, Yavitt (2000) found that volcanic derived soils on BCI have slightly but 

significantly higher phosphorous (P) concentrations than those from sedimentary rocks. 

Soil C concentrations and stocks on BCI decrease significantly with depth but no significant 

variation was observed between soil types (Grimm et al., 2008). Across all soil types, the upper 

10 cm contains the highest SOC stocks but the standard deviation was high (Grimm et al., 2008). 

Soil texture is also positively correlated with SOC, with soils of higher clay content generally 

containing higher SOC concentrations and clay content rather than mineralogy is thought to be 

more important for stabilizing SOC in these soils (Grimm et al., 2008). Topography has a strong 

influence on SOC stocks in the topsoil with the highest values found at the foot of slopes and 

the lowest on the mid-slope locations, but this pattern was not observed at depth indicating 

that the influence of erosion on SOC is limited to the soil surface (Grimm et al., 2008). It is 

unclear whether soil-forming processes and/or past land use changes influence the distribution 

of SOC in the topsoil, but Grimm et al (2008) suggest that present-day biomass input is of more 

importance as differences in past land use were only weakly related to SOC in the upper 30 cm 

of soil. 
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Figure 2.1 Map of the Barro Colorado Nature Monument (BCNM), showing the approximate location of 

10 forest stands, 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 naturally regenerating tropical forest in Panama, 

Central America. 

 

Table 2.1 Stand and soil characteristics for a chronosequence of 10 forest stands in Panama, Central 

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

The geological composition of the Panama Canal Watershed (STRI GIS Laboratory). 

Stand 
name1 

Age1  

(years) 

Geology2 Land-use1 ǇIѕ Standing 
ƭƛǘǘŜǊѕ 

Soil bulk 
ŘŜƴǎƛǘȅѕ 

PED 40 Tb Pasture/swidden 5.88 417 0.57 

SAI 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 Tbo Pasture/swidden/agriculture 6.62 451 0.48 

POA 90 Tcv/Tcm Swidden 5.46 692 0.57 

BAR 120 Tcv 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 Tcv 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 along a successional 

gradient, I derived several stand-level measures of aboveground successional status to compare 

chronosequence stands via a site-specific literature review and from tree census data (D.Dent, 

unpublished data). I used the simple metric of forest stand age as well as the extensive forest 

census data available for the chronosequence, and functional data based on recognised 

changes in structural and functional attributes during forest regrowth. Chazdon (2014) 

characterises forest successional stages through three main criteria: total aboveground 

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

I used tree basal area as an indicator of aboveground biomass (Chazdon, 2014) which is shown 

to quickly recover during tropical forest regrowth (Poorter et al., 2016) but the pattern of 

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

and the landscape-scale considered (Denslow and Guzman, 2000; Mascaro et al., 2012). I also 

use a well-supported general description of aboveground functional community change during 

tropical forest 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 predictable pattern of functional community change, characterised by 

contrasting life-history strategies and plant functional traits (Table 2.1). This shift in tree 

functional composition ƻŎŎǳǊǎ ǿƘŜƴ ΨŀŎǉǳƛǎƛǘƛǾŜ ƎǊƻǿǘƘ ǎǘǊŀǘŜƎƛǎǘǎΩ όfast-growing, light-

demanding, ƎŀǇ ǎǇŜŎƛŀƭƛǎǘǎύ ƻǊ ΨǇƛƻƴŜŜǊΩ species, common in the early stages of forest regrowth, 

are gradually replaced by ΨŎƻƴǎŜǊǾŀǘƛǾŜ ƎǊƻǿǘƘ ǎǘǊŀǘŜƎƛǎǘǎΩ όǎƭƻǿ-growing, shade-tolerant, old-

ƎǊƻǿǘƘ ǎǇŜŎƛŀƭƛǎǘǎύ ƻǊ ΨŎƭƛƳŀȄΩ ǎǇŜŎƛŜǎΣ ŀǎ ƭƛƎƘǘ ƭŜǾŜƭǎ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ later stages of succession 
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(Zhang, Zang and Qi, 2008; Chazdon, 2014; Ghazoul and Chazdon, 2017) resulting in the 

establishment of a more shade-tolerant community (Dent, DeWalt and Denslow, 2012).  

 

Table 2.2 General changes in foliar traits during succession in tropical forest, modified from Chazdon 

(2014) 

Foliar traits Change with successional age 

Leaf nitrogen content IƛƎƘ Ҧ [ƻǿ 

SLA (specific leaf area per mass) IƛƎƘ Ҧ [ƻǿ 

Leaf LMA (leaf mass per unit area) [ƻǿ Ҧ IƛƎƘ 

Leaf density [ƻǿ Ҧ IƛƎƘ 

Leaf toughness [ƻǿ Ҧ IƛƎƘ 

 

Forest stand age and basal area 

To investigate patterns in soil C as a function of time, I adjusted the chronosequence stand ages 

from the original estimates by Denslow and Guzman (2000) to include the time since 

publication, and rounded them to nearest decade to obtain age classes. I calculated stand basal 

area from census data collected in 2011 (D. Dent, unpublished data). Stem diameter at breast 

height (1.3-m; DBH) for each individual >10 cm DBH was converted to stem basal area (m²; Eq. 

1) and the sum of all stems in each stand was then divided by the total area of the stand covered 

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

 ὛὸὩά ὦὥίὥὰ ὥὶὩὥ ά “z                                                                                  Eq. 1 

   

 ὛὸὥὲὨ ὦὥίὥὰ ὥὶὩὥ 
В   

   
                                                                             Eq. 2 

 

Tree community shade-tolerance  

Following the findings of Dent, DeWalt and Denslow (2012), I used tree community shade 

tolerance to characterise changes in aboveground functional diversity during succession: where 

shade-tolerant species become increasingly dominant in the later stages of succession as the 



Chapter 2: Soil carbon in a regenerating tropical forest is related to tree functional composition, rather than stand age 

36                                                               Abby Wallwork - January 2021 

W
o

rd
 T

e
m

p
la

te
 b

y 
F

ri
e
d
m

a
n
 &

 M
o

rg
a
n
 2

0
1
4 

canopy closes and the reduction in light affects sapling recruitment. I assigned each species to 

a light requirement category as detailed in Comita et al. (2007), which classifies species as gap 

specialist (G), intermediate (I), or shade-tolerant (S). I also used species growth response to 

increasing light, calculated from a species-specific light requirement index developed by Rüger 

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

 

 

 

 

Table 2.3 Growth response categories for tree species along an age-gradient of lowland tropical forest 

sites in Panama Central America, based on tree sapling recruitment with increasing light (modified from 

Ruger et al. 2009). 

Growth 
response 

Description 

Accelerating (>1) Sapling recruitment increases with increasing light and the increase is higher at higher light 
levels  

Decelerating (<1) Sapling recruitment increases with increasing light, but the increase is lower at higher light 
levels 

Negative (<0) Sapling recruitment is higher at lower light and decreases with increasing light levels. 

 

To compare community shade tolerance across the chronosequence, I calculated the relative 

influence (RI) of each growth response category using tree census data (D. Dent, unpublished 
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data). I assigned mean light effect values from two census intervals to each species in the 

chronosequence and classified them as accelerating (ACC), decelerating (DEC), and negative 

(NEG); species without light effect values were classifiŜŘ ŀǎ ΨǳƴƪƴƻǿƴΩ ό¢ŀōƭŜ нΦнύΦ L ǘƘŜƴ 

calculated Importance Values (IV; %) for each tree species in the chronosequence based on the 

number of individuals (frequency; Eq. 3) and the sum of the basal area (dominance; Eq. 4). I 

chose to express the IV as mean measure of frequency and dominance (Eq. 5), as species with 

large numbers of individuals as well as those with a large total biomass are considered similarly 

important for determining ecosystem processes (Lohbeck et al., 2012). Species frequency was 

calculated from the count of one stem per individual (regardless of number of stems per 

individual) to account for the limited spatial spread of root systems and possible constraints on 

canopy size of multi-stemmed individuals compared to that of an equal number of single-

stemmed individuals. Species dominance was calculated from the sum basal area of all stems 

of each individual tree.  

 

ὙὩὰὥὸὭὺὩ ὪὶὩήόὩὲὧώ Ϸ
     

     
ρzππ                Eq. 3 

 

ὙὩὰὥὸὭὺὩ ὨέάὭὲὥὲὧὩ Ϸ
В      

    
ρzππ                 Eq. 4 

 

ὍάὴέὶὸὥὲὧὩ ὺὥὰόὩ Ϸ  
  

                 Eq. 5 

 

Finally, I used the species IVs for each growth response category to calculate the relative 

influence (RI) of ACC, DEC and NEG species per stand, whereby the summed IVs for each growth 

response category were expressed as a proportion of the total per stand, allowing me to 

compare community shade tolerance across the chronosequence stands. Of the total 277 tree 

species across the chronosequence, light effect data were available for 200 species. Therefore 

c. 72 % of species were assigned to growth response categories (DEC = 129 species, ACC = 60 

species, NEG = 11 species, unassigned = 77 species) which amounted to c. 88 % 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 land-use on soil C, I used the chronosequence stand descriptions 

from Denslow and Guzman (2000) and divided stands into ΨƘƛƎƘΩ ƻǊ ΨƭƻǿΩ ǎƻƛƭ ŘƛǎǘǳǊōŀƴŎŜ 

categories based on presumed initial soil disturbance (and therefore C loss) during land 

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

disturbance consisted of OG stands and stands used only for pasture; high soil disturbance 

included stands used for swidden agriculture and plantations. 

 

Soil sampling 

To assess the relationship between functional changes in vegetation during secondary 

succession and patterns in soil C in each of the ten chronosequence stands, I established four 

(20 m x 10 m) sampling blocks, spaced at 40 m intervals along a 160 m transect. I collected soils 

in each of the 40 sampling blocks between May and June 2016 at three sampling points (at 5, 

10 and 15 m along the transect section within the sampling block). I collected three cores per 

sampling point by first carefully removing the surface litter and then sampling the mineral soil 

in 10 cm increments from 0-30 cm depth using a 4.8-cm diameter soil corer and bulked them 

per depth interval resulting in 12 composite samples per stand (four blocks x three depths = 

120 total samples). Samples were stored at 4ɕC within 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 water content, I oven-dried subsamples (20 g fresh weight) from 

the 0-10 cm and 10-20 cm depth increments at 105ɕC for 48 hours. I measured soil pH on a 1:3 

mixture of fresh soil and deionised water using bench pH meter (STARTER 2100, OHAUS, New 

Jersey, USA) within 48 hours of collection. To determine percentage soil C and N content, I 

ground a subsample of homogenized, air-dried soil from each of the three depth increments 

per stand using a ball mill (Mixer Mill 400, Retschá, Haan, Germany), and total carbon and 
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nitrogen was analysed by high temperature combustion gas chromatography (Vario El III C/N 

analyser, Elementar, Stockport, UK).  

 

Estimation of soil C and N stocks 

Soil C stocks are expected to provide a more accurate comparison between stands as they take 

in to account differences in soil bulk density (BD), which can vary with soil type and land-use 

history and which generally increases with depth. I used mean soil bulk density values as 

measured by Jones et al. (2019) to calculate soil C stocks at the 0-10 and 10-20 cm depth 

increments using the following equation: 

                                                          ὅ Ὀ  ὄὨ   ὅ                                             Eq.6 

where Cconc  is percentage C, Bd is stand mean soil bulk density, C stock is the stock of carbon 

(Mg hā ¹) and D is the depth of sample (cm). 

 

Data analysis 

I used linear mixed effects models (lme4 package; Bates et al., 2015) to assess the effect of each 

explanatory variable (age class, stand basal area, land-use history and tree functional groups) 

on soil C concentration (%) and stocks (Mg ha¯¹) using R version 3.5.2 (R Core Team, 2018). The 

relationship between stand-level characteristics (basal area, land-use history 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 account for the non-independence of values. All other 

variables were assessed using mean values per sampling block and depth, with block nested 

within stand as random effects. Soil C content was log-transformed prior to analysis to correct 

for non-normal distribution of data. As soil C decreases strongly with depth and is a clear 

predictor of variation in soil C, I included 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 using 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 effects models c2 and p 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 mean soil C concentrations at 0-10 cm depth were 4.74 ° 0.15%. Variability in mean soil 

C content between the two replicate forest stands within each age class was low (Figure 2.2a), 

and soil C declined strongly with depth in all age classes (Figure 2.2b; Table 2.2). Soil C content 

varied significantly among forest age classes and there was a significant interaction between 

age class and depth (c2 = 75.76, p < 0.001) but there  was no clear pattern of increasing soil C 

content with forest stand age at any depth increment (Figure 2.2b; Table 2.2). The OG stands 

had the smallest decrease in soil C with depth, but only at the 20-30 cm depth increment was 

mean soil C content slightly (but not significantly) higher in the OG than in the SF stands (Figure 

2.2b; Table 2.2).  

 

Soil carbon stocks (Mg ha¯¹) 

Mean soil C stocks at 0-10 cm were 56.96 ° 11.92 Mg ha¯¹. The 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 (Figure 2.2c; Appendix A:Table S2.2), lower values in the 0-10 

cm in the 60Y stand and generally lower variation between the 0-10 and 10-20 cm depth 

increments (Figure 2.2d; Appendix A:Table S2.2). There was a significant interaction between 

forest age class and soil depth (but this was not as strong as for soil C content). Forest age was 

a significant predictor for soil C stocks (c² = 39.25, p = <0.001) but there was no clear pattern 

of increasing soil C stocks with forest age.  
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Figure 2.2 Soil carbon content at: a) 0-30 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 = 0-10 cm, 

green = 10-20 cm, yellow = 20-30 cm). And soil carbon stock estimates (Mg ha-1)  at: c) 0-30 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 = 0-10 cm, yellow = 10-20 cm) across an age gradient of lowland tropical 

forest sites in Panama, Central America. Boxes denote the 25th and 75th percentiles and median lines 

are given for n = 4 (a and c) and n = 8 (b and d from two stands per age class), whiskers indicate values 

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

 

Soil carbon with increasing stand basal area (m² ha) 

Stand basal area (BA) differed significantly among forest age classes (f4,25  = 60.47,  p = <0.05; 

Table Appendix A: Table S2.1) but did not increase with increasing stand age. The highest BA 

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) (Figure 2.3). Soil C decreased with both increasing stand BA and depth but there 

was no interaction. The negative relationship with stand BA was significant for both soil C 

content (c2 = 4.60, p = 0.032) and soil C stocks (c2 = 5.41, p= 0.020). 
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Figure 2.3 Stand 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 concentrations 

at three depth increments (0-10 cm, 10-20 cm, 20-30 cm) Points represent mean for n = 4, shaded area 

denotes 95% confidence interval from linear model (lm function) prediction.  

 

Relationships between soil carbon and the relative influence of tree 

functional groups   

The relative proportions of shade tolerant and light demanding tree species varied among 

forest age 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 

age across the chronosequence in all but the 120Y stands where the RI of both ACC and DEC 

species was more similar to the 60Y stands than either the 90Y or OG stands (Appendix A Table 

S2.1). The RI of NEG species was low in all stands (>7%), and although there was no clear pattern 

with increasing stand age, the RI of NEG species was lowest in the 40Y and highest in the OG 

age category (Appendix A Table S2.1). The proportions of species not assigned to a growth 

response category was inconsistent across stands anŘ ŀƎŜ ŎŀǘŜƎƻǊƛŜǎΣ ǘƘŜ wL ƻŦ ΨǳƴƪƴƻǿƴΩ 

species per stand ranged from 4.3 % - 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 contrasting tree functional groups, and this relationship varied with depth 

(Figures 2.4 and 2.5). The effect of tree functional groups on both measures of soil C was 
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apparent only at the 0-10 cm depth increment but not at  greater depths, resulting in a 

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

 

Increasing RI of accelerating species  

At 0-10 cm, soil C increased significantly with the increasing RI of ACC species in forest stands 

for both C content (c2= 8.88, p= 0.031; Figure 2.4a) and stocks (c²=  14.68, p= <0.001; Figure 

2.5a). The inclusion of soil pH did not significantly improve the models.  

 

Increasing RI of decelerating species  

In contrast, soil C decreased with the increasing RI of DEC species across the chronosequence 

at the 0-10 cm depth increment. The negative relationship between the RI of DEC species and 

soil C was significant for both C content (c2= 17.12, p= <0.001; Figure 2.4b) and C stocks (c²= 

10.63, p = 0.005; Figure 2.5b). Soil pH did not significantly improve the models. 

 

Increasing RI of decelerating: accelerating species  

The opposing relationships between soil C and the RI of ACC and DEC species resulted in a 

significant negative relationship between the ratio of DEC:ACC species in stands and both soil C 

content (c2= 12.55, p= 0.006; Figure 2.4c); and C stocks (c² = 9.83, p= 0.007; Figure 2.5c). In the 

case of soil C content, the inclusion of pH as a fixed effect significantly improved the model (c2= 

3.99, p= 0.046). 
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Figure 2.4 Stand mean soil carbon concentration with an increasing relative influence of: (a) accelerating 

species, (b) decelerating species, and (c) the ratio between decelerating and accelerating species, at 0-

10 cm, 10-20 cm and 20-30 cm soil depth increments in a chronosequence of lowland tropical forest in 

Panama, Central America. Points represent mean for n = 4, shaded area denotes 95% confidence interval 

from linear model (lm function) prediction. 
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Figure 2.5  Estimates of stand mean soil carbon stocks (Mg ha¯¹) at 0-10 and 10-20 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 regenerating lowland tropical forest in Panama, Central America. Points 

represent mean for n = 4, shaded area denotes 95% confidence interval from linear model (lm function) 

prediction. 

 

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

I found no relationship between soil C content (%) or C stocks (Mg ha¯¹) and land-use history at 

any depth increment using the broad classifications of past land-use and inferred soil 

disturbance. Soil C increased with increasing soil pH across the full 0-30 cm sample depth and 

although depth explained most of the variation in soil C content, the inclusion of pH, (without 

interaction) significantly improved the model (c2 = 6.02, p = 0.014, Figure 2.6). However, the 

relationship between soil C stocks and pH was not significant and the relationship was not 

significant at separate depth intervals. 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 (Table 2.3).  
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Figure 2.6 Soil carbon content along an increasing soil pH gradient from 10 stands in a chronosequence 

of naturally regenerating lowland tropical forest in Panama, Central America, at 0-10 cm, 10-20 cm and 

20-30 cm depth increments. Points represent mean for n = 4, shaded area denotes 95% confidence 

interval from linear model (lm function) prediction. 

 

Soil characteristics among forest age classes 

Nitrogen   

Soil N content (%) varied significantly among forest age classes (c2 = 34.21, p = <0.001); it was 

lowest in the two 90Y 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 soil depth, and variation among stand age classes increased with increasing depth. N 

content varied among age classes at the 10-20cm (f4,5  = 5.36,  p = 0.047; Table 2.3) and 20-30 

cm (f4,5  = 7.99,  p = 0.0213; Table 2.3) depth increments and was higher in the OG stands than 

the SF stands at 20-30 cm depth. Soil N stocks also varied significantly among forest age classes 

at the 0-20 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 forest age classes across the full depth 

range of 0-30 cm and increased significantly with increasing soil depth. The 90Y stands had the 

highest C:N at each depth increment. 

 

pH 

Soil pH varied among stands, explained by significantly higher pH in one of the 60Y stands but 

there was no significant variation between forest age classes at the full 0-30 cm depth range, 

or at separate depth increments.  
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Table 2.4 Mean soil values per age class for: C and N concentration (%), C:N ratio and pH plus standard 

error at three depth intervals (0-10, 10-20 and 20-30 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 for n = 8 (4 x replicate blocks per stand, 2 x stands 

per age class). Different super-script letters indicate significant differences among forest age classes at p 

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

comparisons.   

Forest age class 40Y 60Y 90Y 120Y OG 

Soil C % 
With depth 

(cm) 

0-10 
4.89ab 

(± 0.29)          
5.30a 

(± 0.73) 
4.14b 

(± 0.22) 
5.22ab 

(± 0.34) 
4.18b 

(± 0.17) 

10-20 
2.34b 

(± 0.29) 
3.14a 

(± 0.22) 
1.96b 

(± 0.09) 
2.88a 

(± 0.10) 
2.74a 

(± 0.12) 

20-30 
1.63b 

(± 0.19) 
2.50a 

(± 0.31) 
1.34b 

(± 0.10) 
2.21a 

(± 0.13) 
2.56a 

(± 0.10) 

Soil N %   
with depth 

(cm) 

0-10 
0.40ab          

(± 0.04) 
0.46a   

(± 0.02)        
0.33b        

(± 0.07)   
0.43a       

(± 0.02)    
0.39ab 

(± 0.02) 

10-20 
0.15ab          

(± 0.03) 
0.23a 

(± 0.02)          
0.10b   

(± 0.01)        
0.22a    

(± 0.01)       
0.23a 

(± 0.02) 

20-30 
0.09b   

(± 0.01) 
0.17a         

(± 0.04) 
0.05b          

(± 0.01) 
0.13a     

(± 0.02)      
0.21a 

(± 0.01) 

Soil C:N  
with depth 

(cm) 

0-10 
12.45ab          
(± 0.48) 

11.54ab  
(± 0.28)        

12.96a        
(± 0.58)   

12.11ab       
(± 0.34)    

10.78b 

(± 0.37) 

10-20 
17.26ab          
(± 2.06) 

13.72b 

(± 0.60)          
23.52a   
(± 3.29)        

13.66b    
(± 0.75)       

12.00b 

(± 0.65) 

20-30 
19.65ab   
(± 1.73) 

17.64b          
(± 2.84) 

25.97a          
(± 1.90) 

18.20ab     
(± 2.08)      

12.46b 

(± 0.48) 

Soil pH  
with depth 

(cm) 

0-10 
5.68          

(± 0.10) 
5.90   

(± 0.19)        
5.53        

(± 0.13)   
5.86       

(± 0.16)    
5.52 

(± 0.17) 

10-20 
5.41          

(± 0.10) 
5.83 

(± 0.19)          
5.30   

(± 0.18)        
5.69   

(± 0.19)       
5.37 

(± 0.12) 

20-30 
5.19   

(± 0.08) 
5.65          

(± 0.19) 
5.09          

(± 0.17) 
5.48     

(± 0.17)      
5.36 

(± 0.07) 
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2.5 Discussion 

This study is the first to investigate the relationship between soil C and aboveground functional 

community change during tropical forest secondary succession, utilising an age-gradient of 

naturally regenerating tropical forest stands in Panama. My study demonstrated that, whereas 

other stand and soil characteristics had limited explanatory power for variation in soil C content 

and stocks, soil C at 0-10 cm depth increased with the relative influence of light-demanding tree 

species across stands of all age classes and decreased with stand-level basal area. My results 

suggest that high-quality plant inputs may play a key role in soil C accumulation during 

secondary succession. 

 

The relationship between soil carbon and aboveground successional 

processes during tropical forest regrowth 

I expected basal area to be a better predictor for soil C than forest age as stand BA is highest in 

the mid-successional stage stands used in this study (intermediate peak hypothesis; Denslow 

and Guzman 2000) and therefore, the largest input of organic matter to soil C was assumed to 

be in the mid-aged, not the oldest forest stands. Stand BA was a stronger predictor for variation 

in soil C than forest age, but in contrast to my first hypothesis, mean soil C content and stocks 

decreased with increasing stand BA (Figure 2.3). Although surprising given the assumptions 

regarding organic matter input, a similar unexpected negative relationship between soil organic 

C and stand BA was reported for recovering tropical forest in Australia (Paz et al., 2016). 

Interestingly, the relationship was only detected in soil derived from Andesite, which also 

underlies much of BCNM and may possibly help explain the unexpected pattern observed in 

this study.  Tree BA was also used to calculate the RI of ACC, DEC and NEG species in stands, 

ǘƘŜǊŜŦƻǊŜ ƛǘΩǎ ŜŦŦŜŎǘ ǿŀǎ ŀƭǎƻ ŀǎǎŜǎǎŜŘ ŀǎ ŀ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘǊŜŜ Ŧǳƴctional groups, which my 

study demonstrated was the strongest predictor of soil 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 assumption that changes in tree functional composition during 

secondary succession reflect 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 succession is generally characterised by a shift from acquisitive (light-demanding) 

species to more conservative (shade-tolerant) species, as plants adapt to increasing light and 

nutrient limitation (Wright et al., 2004). My results partially support this general assumption as 

the proportion of ACC species was higher at young successional stages whereas the proportion 

of DEC species was highest in the old-growth forest, however the proportions of ACC and DEC 

species in mid-successional stands did not conform to the expected patterns of shifts in 

functional groups (Appendix A:Table S2.1).  

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 relevant to soil C cycling 

are those which control the input and stabilisation of soil C and/or those that influence soil C 

ƭƻǎǎΣ ōǳǘ ǘƘŜǊŜ ƛǎ ƻŦǘŜƴ ŀ ΨǘǊŀŘŜ-ƻŦŦΩ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻΦ [ƛƎƘǘ-demanding species are associated 

ǿƛǘƘ ΨŎƻƳǇŜǘƛǘƻǊΩ ǘǊŀƛǘǎ (Grime, 1974) which can influence the input of C to soils through the 

generation of large 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 decomposition (De Deyn, Cornelissen and Bardgett, 2008). Conversely, shade-

tolerant species have traits which allow them to be more stress-resistant and produce longer-

lived, but poor-quality (e.g. high C:N, high lignin:N) organic matter (Grime et al., 1996) which 

inhibits litter decomposition (Kutsch, Bahn and Heinemeyer, 2009).  

The functional tree groups used in this study, based on species-specific light response, are 

ŀǎǎǳƳŜŘ ǘƻ ŎƻǊǊŜǎǇƻƴŘ ǿŜƭƭ ǿƛǘƘ ǘƘŜ ǇƻǇǳƭŀǊ ŘŜŦƛƴƛǘƛƻƴǎ ƻŦ ΨƭƛƎƘǘ-ŘŜƳŀƴŘƛƴƎΩκǇƛƻƴŜŜǊ ŀƴŘ 

ΨǎƘŀŘŜ-ǘƻƭŜǊŀƴǘΩκŎƭƛƳŀȄ ǎǇŜŎƛŜǎ (Dent, DeWalt and Denslow, 2012) and be a proxy for 

acquisitive and conservative life-history strategies. Based on these assumptions, and as the 

quantity of litterfall was not seen to vary significantly between SF and OG stands (Denslow and 

Guzman, 2000), I expected that soil C input from litter might be more highly concentrated from 

DEC species than from ACC species (De Deyn, Cornelissen and Bardgett, 2008); and along with 

associated traits such as greater leaf toughness and the presence of defence compounds 
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(Bardgett, 2017) would decompose more slowly, resulting in a build-up 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 stands with a greater proportion of light-demanding species. 

The assumption that litter decomposition rates differ between the two contrasting tree 

functional groups is maintained (Cornwell et al., 2008); but the relationship between litter 

decomposition rate and the incorporation of plant derived C into soil is often disconnected 

(Prescott, 2010; Cotrufo, Wallenstein and Boot, 2013). Plant litter decomposition drives SOM 

formation but does not directly control the accumulation and stabilisation of soil organic carbon 

(SOC), the largest component of SOM. Instead, a strong and growing body 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 through aggregation and 

chemical bonding in the soil matrix via what has been termed the Microbial Efficiency-Matrix 

Stabilisation framework (MEMS) (Cotrufo, Wallenstein and Boot, 2013). The MEMS framework 

hypothesises that the input of C from labile plant substrates (e.g. sugars) drive microbial 

processes and thus, the production of increasingly stable C compounds as they are more 

efficiently used by soil microbes than C from more recalcitrant plant material (Cotrufo, 

Wallenstein and Boot, 2013). My results support this hypothesis as soil C content and stocks 

were highest in stands with a higher relative influence of light-demanding ACC species (Figures 

2.4a, 2.5a); the litter of which is expected to contain more labile carbon compounds than that 

of the more shade-tolerant DEC species. 

 

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

The influence of former land-use is one possible explanation why studies of secondary tropical 

forest succession have not found a consistent pattern of increasing soil C with stand age 

(Martin, Bullock and Newton, 2013; Orihuela-Belmonte et 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 turnover, which can persist for decades (Detwiler, 

1986) and obscure trends in soil C accumulation over time, but contrary to my third hypothesis, 

the influence of past land-use on soil C content or stocks was not apparent at any depth 

increment. The effect of disturbance (e.g. from ploughing) on initial soil C loss is well 

documented (Guo and Gifford, 2002; Don, Schumacher and Freibauer, 2011), and I therefore 
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expected to detect differences between the stands used for crops, those used for pasture and 

the OG stands, however, the characterisation of former land-use relied on brief descriptions 

compiled from largely anecdotal accounts (Denslow and Guzman 2000), and therefore soil 

disturbance is only inferred and thus, may not accurately reflect current soil conditions . The 

sites included in my 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 relationship between soil C storage 

and land-use or the underlying geology, but a strong relationship between soil C and soil N 

stocks (Jones et al., 2019). I observed a strong relationship between soil C, N and pH in the 

present study including the old-growth forest stands. These relationships 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 processes (Fierer 

and Jackson, 2006; Tripathi et al., 2016). In my study, the similar patterns of decline in soil C, 

soil N and soil pH with depth largely explain the relationships among these variables. Hence, 

neither land-use nor soil properties fully explain the patterns in soil C accumulation during 

secondary succession. A further 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 disturbance (Grimm et al., 2008; Jones et al. 2019) 

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 soil C turnover; particularly COі release through microbial 

respiration, an important component of soil C dynamics in tropical forests. The rate of COі efflux 

in tropical forests is largely determined by the mineralisation of labile organic C compounds by 

soil microorganisms during the decomposition of organic material. The differences in plant litter 

quality between tree functional groups may also result in differences in microbial community 

composition, which in turn can strongly influence soil C cycling. For example, the poor quality 

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 storage, whereas high quality litter 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, 2017). However, this theory has 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 secondary 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 light-demanding tree species is the effect of roots. 

Plant root traits influence soil C cycling through the release of labile C in to soil from root 

ŜȄǳŘŀǘŜǎΣ ǿƘƛŎƘ ǎǘƛƳǳƭŀǘŜǎ ƳƛŎǊƻōƛŀƭ ŀŎǘƛǾƛǘȅ ŀƴŘ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ /hі ōŀŎƪ ǘƻ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜ 

and may also influence soil C cycling through traits related to nutrient foraging and associations 

with mycorrhizal fungi (De Deyn, Cornelissen and Bardgett, 2008). Root traits may help explain 

variation in soil C, and although sometimes shown to be only weakly coupled with leaf traits 

(De Deyn, Cornelissen and Bardgett, 2008), would most likely also be determined by tree 

functional group. Therefore, tree functional groups, characterised as light-demanding and 

shade-tolerant species, remain the best predictor of soil C content and stocks in these stands 

of naturally regenerating tropical forest.  

 

2.6 Conclusion s 

This study identifies a strong link between the dominant functional group of trees and soil C 

content and stocks during tropical forest secondary succession and provides an interesting 

starting point for further research. Improving our ability to predict, and crucially, increase soil 

C accumulation during tropical forest regrowth will not only help improve global C models but 

help mitigate atmospheric CO2 concentrations through more efficient forest management 

practices and reforestation initiatives. My results indicate that successional changes in tree 

functional groups during forest regrowth influence soil C content and stocks and specifically, 

that the relative influence of light-demanding tree species in a stand is positively correlated 

with soil C content and stocks at 0-10 cm depth. I propose that the broad distinction between 

ACC and DEC species and their relative importance in stands provides the basis for a useful, 

quantitative method to investigate how successional 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 regrowth and influence species selection 

in forest restoration strategies. 
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3    Soil carbon dynamics are linked to tree 

species shade-tolerance along an age 

gradient of naturally regenerating tropical 

forest. 

 

3.1 Abstract  

Secondary regrowth forests are the dominant type of forest cover in the tropics and are thus 

increasingly important for their role in the global carbon (C) balance. During recovery, tropical 

secondary forests rapidly accumulate aboveground biomass and whilst substantial amounts of 

plant-derived carbon are assimilated belowground through decomposition processes, soil C 

dynamics during forest regrowth have received much less attention. During secondary 

succession, shifts in tree community growth strategies from light-demanding to shade-tolerant 

species are accompanied by changes in litter quality, which may influence rates of C turnover 

both directly, via litter decay rates, and indirectly via the influence of tree functional groups on 

the decomposition environment. To explore the links between tree functional traits and soil 

carbon dynamics, I conducted an in situ litter decomposition experiment across an age gradient 

of naturally regenerating tropical forest. I used litter mixtures created from tree species 

differing in their shade tolerance as a key functional characteristic, including a single-species 

and bare-soil control. I observed litter mass loss and soil respiration as measures of C turnover 

over a five-month period. As expected, litter from light-demanding species decomposed more 

rapidly than that of shade-tolerant species and there was a corresponding temporal response 

in soil respiration reflecting differences in litter decay rates. Surprisingly, there was no 

unidirectional effect of forest successional age on litter decay rates or soil respiration. However, 

soil respiration from the litter treatment containing both light-demanding and shade-tolerant 

species was significantly higher in the younger than older forest stands. This study highlights 

the potential importance of functionally diverse plant inputs for soil carbon dynamics in tropical 

forests. Links between 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 forests are the largest terrestrial C sink as they are responsible for around c. 40% of 

net primary production (NPP; Cleveland et al., 2011) and store c. 45% of terrestrial C (Anderson-

Teixeira et al., 2016), sequestering around half of global anthropogenic CO2 emissions (Yin, Wu 

and Li, 2018). Land-use change from human activity such as logging and agricultural expansion 

continues to remove vast areas of intact tropical forest annually (Chazdon and Guariguata, 

2016), and has altered the functioning of remnant tropical forests, including above-ground C 

dynamics (e.g. Qie et al., 2017). Agricultural abandonment, as part the common practice of 

swidden agriculture along with recovery from selective logging, has created a mosaic of 

ƴŀǘǳǊŀƭƭȅ ǊŜƎŜƴŜǊŀǘƛƴƎ ΨǎŜŎƻƴŘŀǊȅΩ ƻǊ ΨǊŜƎǊƻǿǘƘΩ ŦƻǊŜǎǘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǘǊƻǇƛŎǎΦ ¢ƘŜǎŜ 

recovering forests now make up over half of all tropical forests and due to current land-use 

practices, their increase is expected to continue (Chazdon, 2014). As such, regrowth forests 

have received much attention and are increasingly looked upon as crucial providers of tropical 

forest ecosystem services for both biodiversity conservation (Chazdon et al., 2009) and climate 

regulation (Poorter et al., 2016). Tropical forest regrowth can be an effective C sink due to rapid 

C accumulation in aboveground biomass (Pan et al., 2011) which is estimated to reach 90% of 

intact forests after c. 66 years (Poorter et al., 2016) . Hence, secondary tropical forests play an 

important role in mitigating the effects of rising atmospheric CO2 concentrations.  

Despite the importance of secondary forest regrowth for C sequestration, we know little about 

the mechanisms of C accumulation belowground (Marín-Spiotta and Sharma, 2013; Martin, 

Bullock and Newton, 2013). Soils make up the largest C pool in the terrestrial biosphere (Yang, 

Luo and Finzi, 2011) and account for over half of the C stock in tropical forests (Don, 

Schumacher and Freibauer, 2011). Tropical forest soils are an important part of the global C 

balance but our understanding of soil C dynamics during secondary forest regrowth is 

hampered by the complexity of biogeochemical processes and interactions, the lack of studies 

in tropical regions, and inconsistent patterns of soil C losses and gains during forest disturbance 

and recovery (Yang, Luo and Finzi, 2011; Li, Niu and Luo, 2012; Marín-Spiotta and Sharma, 2013; 
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Martin, Bullock and Newton, 2013; Powers and Marín-Spiotta, 2017). Although the cycling and 

storage of C in tropical forest soils is partly determined by climate, soil characteristics and land-

use history (Marín-Spiotta and Sharma, 2013) changes 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 composition during succession and impact on 

soil C dynamics 

Predictable and measurable changes in tree species composition and functional groups during 

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

and nutrients) as forests mature. During early succession, an abundance of light reaches the 

forest floor and fast-ƎǊƻǿƛƴƎ ΨǇƛƻƴŜŜǊΩ ǎǇŜŎƛes out-compete slower-growing species to 

dominate the canopy. However, once the canopy closes (after c. 20 years; Denslow and 

Guzman, 2000 ), light becomes a limiting factor and conditions favour the slower-growing, 

shade-tolerant species that thrive in the understory. Over time, the shorter-lived pioneer 

species are gradually replaced by more long-lived species associated with old-growth forests, 

resulting in a progression towards a dominance of shade-tolerant species in later succession 

(Dent, DeWalt and Denslow, 2012; Chazdon, 2014; Whitfeld et al., 2014). The shift from light-

demanding to shade-tolerant species can also be characterised as a shift in the resource use 

ǎǘǊŀǘŜƎȅ ƻŦ ǘƘŜ ŘƻƳƛƴŀƴǘ ǘǊŜŜ ǎǇŜŎƛŜǎΣ ŦǊƻƳ ΨŀŎǉǳƛǎƛǘƛǾŜΩ ǘƻ ΨŎƻƴǎŜǊǾŀǘƛǾŜΩ ŀƭƻƴƎ ŀ Ŧŀǎǘ-slow plant 

economic spectrum (Reich, 2014). This is reflected in a set of coordinated leaf functional traits 

(Conti and Díaz, 2013). Light-demanding species that invest in fast growth are characterised as 

ƘŀǾƛƴƎ ΨƘƛƎƘ ǉǳŀƭƛǘȅΩ ǇŀƭŀǘŀōƭŜ ƭŜŀǾŜǎΣ ǿƘƛŎƘ ƘŀǾŜ high nutrient concentrations (e.g. N, P), high 

specific leaf area (SLA) and low content of structural compounds such as lignin (Wright et al., 

2004; Chazdon, 2014). Conversely, shade-tolerant species preferentially invest in structure, 

defence and longeviǘȅΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ƭŜŀǾŜǎ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ŀǎ Ψƭƻǿ ǉǳŀƭƛǘȅΩΣ ǘȅǇƛŎŀƭƭȅ ǿƛǘƘ ƭƻǿ 

nutrient concentrations, high fibre and lignin content and greater concentrations of foliar 

defence compounds such as tannins and phenols (Wright et al., 2004; Ostertag et al., 2008). 

Hence, the shift from light-demanding to shade-tolerant tree functional groups during 

secondary succession is accompanied by marked changes in the quality of litter inputs, which 

will influence the rates of C and nutrient cycling both directly, via litter decomposition rates, 
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and indirectly via the influence of tree functional groups on the decomposition environment, 

for example, via nutrient exchanges with microbial communities  Cornelissen et al., 1999; Jewell 

et al., 2017).  

 

Influence of changing plant functional characteristics on litter 

decomposition and soil C turnover 

Plant litter decomposition plays a fundamental role in terrestrial ecosystem nutrient cycles and 

C dynamics (Sayer, 2006; Prescott, 2010; Sayer and Tanner, 2010). During decomposition, C and 

nutrients are sequentially broken down and made available to plants, beginning with the more 

labile and soluble compounds (Kutsch, Bahn and Heinemeyer, 2009). This preferential break 

down of litter by decomposer organisms results in an early 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, 2017). Plant-derived C compounds are either mineralised 

and returned to the atmosphere as CO2 or immobilised in the soil matrix (Kutsch, Bahn and 

Heinemeyer, 2009) and this balance can eventually determine whether a forest functions as a 

C source or sink. Hence, even slight changes affecting the decomposition of plant material can 

have a significant effect on C dynamics (Sayer et al., 2011). The rate of litter decomposition is 

driven by both abiotic (climate and soil), and biotic (litter quality and the decomposer 

community) factors. Although moisture and temperature are strong predictors of 

decomposition rates globally (Powers et al., 2009), neither tend to be limiting in tropical 

rainforest environments, so plant litter quality is the dominant control on litter decomposition 

rates (Cornwell et al., 2008; Hattenschwiler et al., 2011). Consequently, changes in the quality 

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

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

Despite a growing body of research assessing the relationship between the fast-slow 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. Although the influence of specific leaf traits, such as foliar N 

concentrations, on litter decomposition rates has been well studied (Santiago, 2007; Cornwell 
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et al., 2008; Bakker, Carreño-Rocabado and Poorter, 2011; Szefer et al., 2017), there is a 

growing body of evidence to suggest that decomposition of species mixtures cannot necessarily 

be predicted from the decay rates of individual species (Gartner and Cardon, 2004; Gessner et 

al., 2010; Jewell et al., 2017). Decomposition rates of mixed species litter ŀǊŜ ƻŦǘŜƴ άƴƻƴ-

ŀŘŘƛǘƛǾŜέΣ ǿƘŜǊŜōȅ ǘƘŜ ƭƛǘǘŜǊ ƛƴ ƳƛȄǘǳǊŜǎ ŘŜŎƻƳǇƻǎŜǎ ƳƻǊŜ ǊŀǇƛŘƭȅ όǎȅƴŜǊƎƛǎǘƛŎύ ƻǊ ƳƻǊŜ ǎƭƻǿƭȅ 

(antagonistic) than would be expected based on the decay rates of individual component 

species. Non-additive effects likely arise as a result of nutrient transfer between different litter 

types, which facilitates the decomposition of more recalcitrant litter compounds 

(Hättenschwiler, Tiunov and Scheu, 2005), via the release of secondary metabolites which can 

inhibit decomposition (Chomel et al., 2016), or due to increased variation in physical 

microhabitat and decomposer interactions (Hättenschwiler, Tiunov and Scheu, 2005). Hence, 

litter mixtures might capture more 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 functional characteristics and diversity of the 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 decomposition 

processes (Prescott and Grayston, 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 that soil microbial products are the major 

contributors of soil C (Cotrufo, Wallenstein and Boot, 2013; Liang, Schimel and Jastrow, 2017). 

The microbial C use efficiency (MEMS) framework (Cotrufo, Wallenstein and Boot, 2013) 

proposes that the products of successive microbial turnover increase C stability in 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 assumed, as labile compounds are used more efficiently, which 

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

(Cotrufo, Wallenstein and Boot, 2013) .  

The results of Chapter 2 suggest that microbial turnover of labile plant 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 of light-demanding species, which are 
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expected to have easily-degradable litter containing more labile carbon compounds than 

shade-tolerant species. And, due to the expected corresponding shift in the abundance and 

activity of decomposer groups during succession;  from labile C specialists to those more 

adapted to the breakdown of recalcitrant C compounds, we might expect higher rates of soil C 

turnover in the younger than older forest stands and a general decrease in soil C turnover and 

accumulation with increasing tree community shade tolerance. 

Hence, changes in the functional characteristics 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 succession could therefore provide crucial information for forest management 

to maximise soil C storage and help parameterise ecosystem models (e.g. Pugh et al., 2019).  

In the present study, I conducted an in-situ litter decomposition experiment across an age 

gradient of naturally regenerating tropical forest to explore the links between tree functional 

traits and soil carbon dynamics. I used litter mixtures from tree species differing in their shade 

tolerance as a key functional characteristic, and measured litter mass loss and soil respiration 

to represent C turnover to test the following hypotheses: 

1.  Litter mixtures from light-demanding tree species will represent a high-quality resource to 

microbial decomposers, with high nutrient but low structural fibre content, and will 

therefore decompose faster than litter mixtures from slow-growing shade-tolerant trees. 

2.  Respiration rates will reflect differences in patterns of litter mass loss, with higher 

respiration rates from litter mixtures representing light-demanding species, especially 

during the early stages of decomposition, and lower respiration rates from litter 

representing shade-tolerant species.  

3.  Based on the shift from light-demanding to shade-tolerant tree species during secondary 

succession, young 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 chronosequence within the Barro Colorado National Monument (BCNM) Panama, 

Central America. The climate is classified as moist tropical with a distinct dry season from 

January to April with a mean annual temperature of around 27°C and an average annual rainfall 

of 2600 mm, of which 90% falls in the rainy season (Windsor, 1990). Soils are described as clay-

rich oxisols and silty-clay alfisols on sedimentary and volcanic parent materials (Yavitt, 2000) 

but do not differ significantly in soil C and nutrients (Chapter 2; Yavitt, 2000; Grimm et al., 2008). 

The BCNM chronosequence consists of permanent plots in 10 forest stands: two stands for each 

of four forest age classes of secondary forest (SF), and two old growth forest (OG) stands for 

comparison, each at least 5 ha in size. The OG stands are aged at >500 years old (Dent, DeWalt 

and Denslow, 2012) and secondary forest (SF) stands are currently 40, 60, 90 and 120 years old 

(Denslow and Guzman, 2000). I selected a subset of four stands (subsequently 40Y, 60Y, 90Y 

and OG; Table 3.1) to represent a gradient of secondary regrowth forest succession. Within 

each stand, I established five replicate blocks, spaced at least 20 m apart on level terrain, 

avoiding obvious disturbances (e.g. footpaths, canopy gaps, animal activity) as far as possible. 

 

Table 3.1 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 RI ACC = relative 

abundance of accelerating growth tree species, RI DEC = relative abundance 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 are given as means and standard error for n = 8  at 0-10 cm 

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 super-script letters indicate significant differences among forest age classes at p 

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

comparisons. 

Forest age 
(years) 

Geology1 Land-use2 RI ACC 
(%)3 

RI DEC 
(%)3 

BA 
(m2/ha)3 

C Stock 
(Mg/ha2)3 

C  
(%)3 

N 
(%)3 

C:N 
3 

pH 
3 

40 
Tb Swidden 43.37 42.70 21.62 29.75 

(± 9.20)          
5.22 

(± 0.81) 
0.42ab         

(± 0.09) 
12.83ab          
(± 0.98) 

5.69b          
(± 0.16) 
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60 
Tb Plantation 26.15         56.15 22.06 24.53 

(± 3.56) 
4.81 

(± 0.35) 
0.44a   

(± 0.04)        
 11.10ab  
(± 0.38)        

6.39a  
(± 0.09)        

90 
Tcv/Tcm Swidden 19.77 68.75 40.29 18.05 

(± 3.35) 
3.76 

(± 0.35) 
0.26b        

(± 0.03)   
14.35a        
(± 0.44)   

5.68b        
(± 0.18)   

OG 
Tb Old growth  10.10 75.22 25.92 19.95 

(± 0.91) 
3.99 

(± 0.09) 
0.40ab 

(± 0.01) 
10.06b 

(± 0.41)   
5.78ab 

(± 0.14) 

 
 

Litter treatments representing tree functional groups  

To create functionally distinct litter mixtures, I used species-specific data on tree growth 

response to increasing light (Rüger et al. 2009) to represent tree community shade tolerance. 

Briefly, species were assigned to one of two growth-ǊŜǎǇƻƴǎŜ ŎŀǘŜƎƻǊƛŜǎΤ ΨŀŎŎŜƭŜǊŀǘƛƴƎΩ or 

ΨŘŜŎŜƭŜǊŀǘƛƴƎΩ ƎǊƻǿǘƘ with increasing light based on a light effect parameter ranging from -0.6 

to 3.3 (Rüger et al. 2009; Chapter 2). Accelerating species (light effect >1) represent  light-

demanding, resource acquisitive ΨǇƛƻƴŜŜǊΩ ǎǇŜŎƛŜǎΣ whereas decelerating species (light effect 

<1) represent shade-tolerant, resource conservative species (Rüger et al. 2009). To test the 

hypothesis that changes in tree functional groups during secondary succession explain 

differences in decomposition rates and soil respiration I created five distinct litter treatments: 

1) litter from species 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 (MIX); 4) natural mixed litter unique to each forest stand (NAT); 

and 5) a non-forest standard litter, Saccharum spontaneum L. (STD). I also included bare soil 

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

collectiveƭȅ ŀǎ ΨŦǳƴŎǘƛƻƴŀƭ ƭƛǘǘŜǊ ǘǊŜŀǘƳŜƴǘǎΩΣ ǿƘŜǊŜŀǎ the NAT and STD litters are referred to as 

ΨǎǘŀƴŘŀǊŘ ƭƛǘǘŜǊ ǘǊŜŀǘƳŜƴǘǎΩΦ 

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

succession, while reflecting species composition at the study site, I used the following criteria 

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; (b) the species were representative of earlier or later stages of succession based 

ƻƴ ƻǘƘŜǊ ǎǘǳŘƛŜǎΣ ŀƴŘ όŎύ ǘƘŜ ǎǇŜŎƛŜǎΩ ƭŜŀŦ ǘǊŀƛǘǎ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ōǊƻŀŘƭȅ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ 

successional stage. Based on the above criteria, the ACC treatment included litter from Luehea 
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seemannii Triana & Planch and Miconia argentea (Sw.) DC. to represent a young, light-

demanding, secondary forest community and the DEC treatment included litter from Protium 

panamense (Rose) I.M.Johnst. and Tetragastris panamensis (Engl.) Kuntze to represent a shade-

tolerant, old secondary or old-growth forest community (Figure 3.1; Table 3.2). The MIX 

treatment included all four species to represent intermediate successional stages.  

The tree species Luehea seemannii (Figure 3.1a) is described as one of the dominant species of 

secondary forests in all areas on the Pacific half of the Panama Canal Area. It also occurs sparsely 

in old-growth forest as a large tree but rare as a sapling, only appearing in natural tree-fall 

clearings (Condit, Pérez and Daguerre, 2011). Miconia argentea (Figure 3.1b) 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 forest (Condit, Pérez and 

Daguerre, 2011). Protium panamense (Figure 3.1c) is described 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, 2011). Finally, Tetragastris panamenis (Figure 3.1d) 

is described as a very widespread species in Panama and is one of the dominant trees in the 

old-growth forest canopy on BCI, with abundant saplings in understorey (Condit, Pérez and 

Daguerre, 2011). In addition, as a standard litter treatment (STD), I included Saccharum 

spontaneum L., lƻŎŀƭƭȅ ƪƴƻǿƴ ŀǎ ΨtŀƧŀ .ƭŀƴŎŀΩ όǿƘƛǘŜ ǎǘǊŀǿύΣ ŀ /4 grass that was introduced to 

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

 

b) 

 

c) 

 

d) 

 
Figure 3.1 Leaves, flowers, fruit and trunk of the four tree species a) Luehea seemannii, b) Miconia 

argentea, c) Protium panamense and d) Tetragastris panamensis, which were selected to represent a,b) 

light-demanding trees common in young secondary tropical forest stands and c,d) shade-tolerant trees 

older secondary forest and old growth tropical forest stands, in Panama, Central America. Source: 

(Condit, Pérez and Daguerre, 2011). 

 

The selected species representative of younger secondary forest functional communities 

generally decreased in IV % with increasing forest age across the chronosequence and have 

relatively high foliar nitrogen content high specific leaf area (SLA), and relatively low leaf mass 

area (LMA) and leaf density (Table 3.2), which is regarded as characteristic of more light-

demanding species (Chazdon, 2014). Conversely, the selected species representative of older 

secondary/old growth forest tree communities generally increased in IV with increasing forest 
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age and have comparatively low foliar nitrogen, low SLA, and relatively high LMA and leaf 

toughness (Table 3.2).  
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Table 3.2 Selected functional characteristics of four tree species used to create three functionally distinct 

litter treatments (ACC, DEC and MIX) for a litter decomposition experiment in the BCNM Panama, Central 

America, where; mean (b) = species specific light effect parameter indicating either accelerating or 

decelerating growth (>1= accelerating growth (ACC), <1= decelerating growth (DEC), SLA = specific leaf 

area, LDMC = leaf dry matter content. Data source indicated with superscript 1 = Ruger et al, (2009), and 

superscript 2 =  S.J. Wright et al, (2012) accessed from the TRY Database (http://www.try-db.org). 

Species name Species 
code 

Litter 
treatment 

Mean 
(b)1 

Leaf 
density2 

(g cm-3) 

Leaf N2 

(mg/g) 
SLA2 

(mm2/mg-) 
LDMC2  
(g/g) 

Luehea seemanni LUEHSE ACC, MIX 2.00 0.30 22.38 17.02 0.42 

Miconia argentea MICOAR ACC, MIX 1.87 0.31 20.63 14.44 0.32 

Protium panamense PROTPA DEC, MIX 0.67 0.50 16.39 11.04 0.41 

Tetragastris panaensis TET2PA DEC, MIX 0.43 0.61 15.69 10.00 0.49 

 

Initial litter collection, processing, and analyses 

I collected freshly fallen litter for the four tree species (LUEHSE, MICOAR, PROTPA, TET2PA) 

during the dry season from February to April 2017, which coincided with the period of highest 

litterfall and minimised decomposition prior to collection. Litter was collected from the forest 

floor at least once a week to ensure fresh samples, avoiding specimens with visual signs of decay 

or disease, and species identity was double-checked in the laboratory. To obtain representative 

samples, I collected litter from beneath c. 10 individuals of each species within the age class of 

forest stand they represented. I also collected a mixture of freshly fallen leaves in each of the 

five blocks per stand which were then homogenised across the stand to create a stand-specific 

natural mixed litter (NAT) treatment, and the non-forest standard litter (Saccharum 

spontaneum) from three locations spaced c. 20 m apart within the BCNM. To characterise the 

litter from the four species and evaluate possible intra- and interspecific variation, I also 

collected replicate samples of freshly fallen litter for each species from a total of five different 

http://www.try-db.org/
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individuals (or groups of individuals, where it was not possible to distinguish the litter among 

closely grouped individuals) from age-representative stand(s) for litter nutrient analyses. All 

litter samples were oven-dried separately for 48 hours at 65°C to constant weight directly after 

collection. To achieve a standard size of litter fragments for the decomposition experiment, I 

removed petioles and cut larger leaves into pieces of <10 cm length. I then created the three 

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

3.3).  

 

Table 3.3 Treatments used in a decomposition experiment in Panama, Central America, showing the 

proportions and total dry weight (g) of each litter type in three functional litter 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 Decelerating species   50% (6 g) 50% (6 g) 
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 Standard litter  100% (12 g)   
6. CTL Bare soil control     

 

To determine the initial chemical and fibre content of litter treatments, I ground a subset of air-

dried litter from each species to < 1 mm. One composite sample from each species was analysed 

ōȅ Ibhї ŘƛƎŜǎǘƛƻƴ ŀƴŘ L/t-OES detection for total mineral elements: Phosphorus(P) 

Potassium(K), Calcium(Ca), Magnesium(Mg), Sodium(Na), Manganese(Mn), Zinc(Zn), 

Aluminium (Al), Boron(B), Chromium (Cr), Copper(Cu), Iron(Fe) and Nickel(Ni) at the soil 

laboratory of the Smithsonian Tropical Research Institute in Panama, and a further two samples 

were analysed for P, K, Ca and Mg plus selenium (S) at a commercial laboratory (Central 

Analytical Laboratory, SRUC Veterinary Services, Midlothian UK). I analysed total litter C and N 

from five replicates per species using high temperature combustion gas chromatography on a 

Vario El III C/N analyser (Elementar, Stockport, UK) at Lancaster University. I determined total 

fibre and lignin content from three replicate samples per species using the acid detergent 

extraction described by Van Soest, Robertson and Lewis (1992); I analysed one set of samples 

at Lancaster University by a two-step extraction method to determine acid detergent fibre 
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(ADF) and acid detergent lignin (ADL). Briefly, 1 g of ground sample was placed in a crucible with 

1 g of acetanilide and boiled for 1 hour with 100 ml of acid detergent solution (ADS) and four 

drops of n-hŎǘŀƴƻƭ ǳǎƛƴƎ ŀ Ch{{ ŦƛōŜǊǘŜŎϰ уллл ŦƛōǊŜ ŀƴŀƭȅǎƛǎ ǎȅǎǘŜƳ όCh{{Σ IƛƭƭŜǊƻŜŘ 

Denmark). Samples were rinsed with distilled water until acid-free and soaked with reagent-

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 samples were then placed in a furnace 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. Lignin content was determined by subtracting the weight of the sample 

from the final stage from the weight of total extracted fibre (ADF). Both stages were corrected 

using blanks. To provide sufficient replicates, another two sets of samples were analysed using 

the acid detergent extraction 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 decomposition and soil respiration, I used in situ mesocosms to 

delimit the experimental area from surrounding soil and litter. Mesocosms are an effective 

method to measure both litter decomposition and soil respiration in a single system; they 

provide comparable litter mass loss measurements to litter-bags while minimising disturbance 

and maintaining natural environmental conditions (Laird-Hopkins et al., 2017). The mesocosms 

were 20 cm diameter PVC tubes cut to c. 15-cm lengths and sunk into the soil to a depth of 2 

cm (Figure 3.2). The mesocosms were installed and natural litter removed in April 2017, at least 

two weeks before the first measurements to allow the soil to recover from initial disturbance. 

I installed 12 mesocosms in each of the five replicate blocks per stand, with two mesocosms for 

each of the five litter treatments and two mesocosms without litter (bare soil controls; CTL). 

One of the two mesocosms per treatment was used for repeated monthly measurements, and 

the second (duplicate) was used for destructive sampling during the experiment. Hence, I 



Chapter 3: Soil carbon dynamics are linked to tree species shade-tolerance along an age gradient of naturally regenerating tropical 
forest. 

 

Abby Wallwork - January 2021   69 

 

installed a total of 240 mesocosms (four stands, five replicate blocks, six treatments, two sets), 

giving n = 5 replicate values for each measurement and treatment. To contain the litter 

treatments within the mesocosms I used ƳŜǎƘ ΨōŀǎƪŜǘsΩ όмл-mm plastic mesh), which provided 

maximum contact between the litter and the soil during decomposition but also allowed for the 

removal of the litter to measure mass loss during the experiment (Laird-Hopkins et al., 2017) 

and to take belowground respiration (SRB) measurements from the underlying mineral soil 

(Figure 3.3). To calculate the appropriate dry weight of litter to use in the decomposition 

experiment, I collected standing litter from the forest floor in August 2016. I sampled four 

points in two stands of each forest age class by placing a 20-cm diameter section of PVC tube 

on the forest floor and cutting carefully cut around the outer edge to separate the sample from 

the surrounding litter. The samples were dried for 48 hours at 65ɕ/ and weighed to determine 

the average litter standing crop dry weight per unit area. In May 2017, each basket received 12 

g dry weight of litter based on the average standing litter dry weight measured across the 

chronosequence and the tops of the mesocosms were covered with mesh (10-mm) to minimise 

additional inputs of natural litter. 

 

Figure 3.2 Soil mesocosms in of one of five replicate blocks, used for a litter decomposition experiment 

across an age gradient in four forest stands of naturally regenerating tropical forest in the Barro Colorado 

Nature Monument, Panama, Central America.   




















































































































































































