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Walden; or live in the Woods

“I went to the woods because I wished to live deliberately, to front only the essential facts of life, and 
see if I could not learn what it had to teach, and not, when I came to die, discover that I had not lived. 
I did not wish to live what was not life, living is so dear; nor did I wish to practice resignation, unless 
it was quite necessary. I wanted to live deep and suck out all the marrow of life, to live so sturdily and 
Spartan-like as to put to rout all that was not life, to cut a broad swath and shave close, to drive life 
into a corner, and reduce it to its lowest terms, and, if it proved to be mean, why then to get the whole 
and genuine meanness of it, and publish its meanness to the world; or if it were sublime, to know it by 
experience, and be able to give a true account of it in my next excursion.” 

henry david thoreau
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GENERAL INTRODUCTION

Tropische Regenwälder nehmen eine Schlüs-
selposition im globalen Kohlenstoff- und Was-
serkreislauf ein, da sie 37% des globalen terrest-
rischen Kohlenstoff-Pools darstellen, ein Drittel 
der terrestrischen Nettoprimärproduktion aus-
machen und mehr als die Hälfte der weltweit 
vorkommenden Pflanzen- und Tierarten bein-
halten. Der Verlust tropischer Waldökosysteme 
hat daher einen immensen Einfluss auf die glo-
bale Biodiversität und das Weltklima.

Darüberhinaus bestimmt der Anteil des in 
tropischer Baumbiomasse gebundenen Kohlen-
stoffs die Menge des in der Atmosphäre verblei-
benden klimaaktiven Treibhausgases Kohlendi-
oxid und hat daher eine bedeutende Funktion 
als globale Kohlenstoff-Senke. Trotzdem ist bis 
dato nicht gänzlich geklärt wie sich die zugrun-
deliegenden biogeochemischen Prozesse, wel-
che auf die zukünftige Entwicklung tropischer 
Ökosysteme und deren Funktion als global be-
deutender Kohlenstoffspeicher wirken, im Zuge 
des globalen Wandels entwickeln werden.

In der vorliegenden Doktorarbeit beleuchten 
wir daher die biogeochemische Funktion tropi-
scher Regenwälder, indem wir die zugrundelie-
genden Mechanismen der Kohlenstoff-Alloka-

tion (Kapitel 1), sowie des Nährstoffkreislaufs 
tropischer Waldökosysteme in hydrochemi-
schen Flüssen von Kronentrauf (Kapitel 2) und 
Stammabfluss (Kapitel 3) quantifizieren und 
abschließend die Bedeutung dieser wichtigen 
Ökosystemprozesse hinsichtlich der Sensibilität 
tropischer Biomasseproduktion und damit ver-
bundener Kohlenstoffspeicherung in Bezug auf 
zu erwartende zukünftige Klimaschwankungen 
diskutieren (Kapitel 4).

Die Ergebnisse dieser Studie liefern einen 
neuartigen Ansatz die Zusammenhänge ver-
schiedener Umweltkontrollen darzustellen, 
welche die Biomasseproduktion und damit den 
Kohlenstoffspeicher tropischer Waldökosysteme 
kontrollieren. Wir zeigen, dass lokale Parameter, 
wie Wasserverfügbarkeit und Boden-Nährstoff-
gehalt die biogeochemische Funktion tropischer 
Waldstandorte drastisch beeinflussen. Daher 
könnten bereits kleinräumige standortspezifi-
sche Unterschiede in topographischer Lage und 
bodenbedingte Eigenschaften, sowie Sukzessi-
on und lokale Artenzusammensetzung die Re-
aktion tropischer Waldökosysteme auf globale 
Klimaveränderungen bestimmen.
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Knowledge of mechanisms controlling pri-
mary production and nutrient cycling in tropi-
cal rainforests is of major importance due to the 
crucial role of tropical forests in the coupling of 
global climate and terrestrial ecosystem proces-
ses. Tropical forests are key components of glo-
bal carbon, water and energy cycles containing 
37% of the global terrestrial carbon pool, ac-
counting for one third of terrestrial net primary 
production of organic material and comprising 
more than half of the world’s plant and animal 
species. Loss of tropical rainforests therefore has 
severe impacts on global biodiversity, net pri-
mary production and climate.

The proportion of atmospheric carbon dioxi-
de allocated to wood production is an import-
ant determinant of the carbon sink strength of 
tropical forest ecosystems. However, our under-
standing of the biogeochemical functioning of 
tropical rainforests, and how they will respond 
to global drivers such as climate change and in-
creased human pressures, is highly fragmentary.

In this thesis, we therefore explore the bio-
geochemical functioning of tropical ecosystem 
processes by identifying the mechanisms dri-

ving carbon allocation in tropical rainforests 
(Chapter 1), as well as investigating hydrologi-
cal pathways and associated nutrient fluxes in 
bulk precipitation, throughfall (Chapter 2) and 
stemflow (Chapter 3) and finally discuss the 
impact of these important ecosystem processes 
that potentially determine the sensitivity of tro-
pical forest aboveground productivity to clima-
te anomalies (Chapter 4).

Our study provides a mechanistic under-
standing on tropical ecosystem processes and 
proposes a novel framework to disentangle 
interrelated pathways among environmental 
drivers controlling the cycling of carbon and 
nutrients in tropical forest ecosystems. Our re-
sults suggest that local characteristics of tropical 
forest sites potentially determine the biogeoche-
mical functioning of these ecosystems. There-
fore, it is likely that site-specific differences in 
topographic position and edaphic properties, as 
well as disturbance history and local tree spe-
cies composition of respective forest sites could 
determine the response of tropical forest ecosys-
tems to projected global changes. 

SUMMARY
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GENERAL INTRODUCTION

In this thesis, following a general introducti-
on, we explore the biogeochemical functioning 
of tropical forest ecosystems. We identify the me-
chanisms driving carbon allocation in tropical 
rainforests (Chapter 1), investigate hydrological 
pathways and associated nutrient fluxes via bulk 
precipitation, throughfall (Chapter 2) and stem-
flow (Chapter 3) and eventually consider the si-
gnificance of local topo-edaphic factors that po-
tentially determine the sensitivity of tropical net 
primary production to climate anomalies (Chap-
ter 4). We eventually synthesize our findings by 
giving an outlook on future trends of tropical 
ecosystem functioning in times of global change.

Chapter 1 presents “New insights into me-
chanisms driving carbon allocation in tropical rain-
forests”, recently published in New Phytologist 
(Hofhansl et al., 2014). Based on the available 
literature we compiled a global data set com-
prising more than 100 tropical forest sites to 
examine large-scale and long-term controls of 
tropical net primary production. The proportion 
of carbon (C) allocated to wood production is 
an important determinant of the C sink strength 
of forest ecosystems. Therefore understanding 
the mechanisms controlling wood production 
and its responses to environmental drivers is 
essential to accurately predict future responses 
of tropical forest ecosystems in terms of carbon 
sequestration. We found that wood and cano-
py production did not respond uniformly to 
environmental drivers, resulting in increased 
relative wood production with increasing mean 
annual temperature and soil phosphorous avai-
lability. Our results furthermore highlight that 
tropical montane and tropical lowland forests 
will likely respond differently to projected glo-
bal changes as wood production increased with 
the amount of precipitation in high productive 
lowland forests, but with the length of the dry 
season in low productive montane forests. We 
conclude that tropical C sequestration will not 

respond uniformly to global changes in tropical 
forests growing on different substrates and at 
different elevations. Our study provides a novel 
framework to disentangle interrelated pathways 
among environmental drivers controlling the C 
sink strength of tropical forest ecosystems.

Chapter 2 describes modeling the contribu-
tions of dry deposition and canopy exchange 
to nutrient inputs via bulk precipitation and th-
roughfall in a study entitled “Topography strongly 
affects atmospheric deposition and canopy exchange 
processes in different types of wet lowland rainforest, 
Southwest Costa Rica”, published in Biogeoche-
mistry (Hofhansl et al., 2011). In this study we 
highlighted that estimates based on bulk preci-
pitation underestimated total atmospheric de-
position to tropical rainforests by up to 10-fold 
by ignoring the contributions of dry deposition. 
Canopy exchange contributed most of the abo-
veground inputs to the forest soil of Na+, about 
half of K+, 10% of P and Mg2+ and negligible for 
N, C and other elements. Tree species composi-
tion did not account for the differences found in 
net throughfall between forest sites, and vegeta-
tion structure (plant area index) had only a small 
effect on net throughfall. However, disturban-
ce history affected net throughfall through re-
duced soil fertility and differences in leaf traits 
on secondary forest sites. Eventually we found 
that topography most significantly affected net 
throughfall via increased dry deposition at sites 
of higher elevation and via soil fertility and thus 
increased canopy exchange at down slope sites.

Chapter 3 investigates the “Controls of hy-
dro-chemical fluxes via stemflow in tropical lowland 
rainforests: effects of meteorology and vegetation 
characteristics”, published in Journal of Hydro-
logy (Hofhansl et al., 2012). In this study we 
measured stemflow hydrology and biogeoche-
mistry in two primary forests in ridge and ravi-
ne position, as well as a secondary forest loca-
ted in south-western Costa Rica. Besides major 
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nutrient inputs via litterfall and throughfall we 
found that, in terms of nutrient cycling, stem-
flow constitutes an important pathway for the 
localized input of highly enriched solutes to the 
forest floor. In general, stemflow hydrochemis-
try was mainly controlled by meteorology (pre-
cipitation magnitude and duration), ecosystem 
characteristics (topography and plant area in-
dex) and species-specific traits (stem diameter 
and tree height). Stemflow was highly enriched 
in nutrients compared to bulk precipitation and 
most solutes (especially DOC and K+) were le-
ached, while inorganic nitrogen and phospho-
rus (i.e. NO3

- and PO4
3-) were retained along the 

stemflow pathway. We elaborated a multiple 
regression model dissecting the contributions of 
canopy exchange and dry deposition processes 
and found that canopy exchange rather than dry 
deposition dominated the accumulation of nutri-
ents in net stemflow. We finally calculated that 
stemflow comprised 1–10% of dissolved inter-
nal recycling of nutrients, but together with th-
roughfall made up to 50% of total aboveground 
nutrient returns (including litterfall), demonstra-
ting that total dissolved returns of nutrients re-
present a pivotal portion of the internal nutrient 
cycle of tropical rainforests.

Chapter 4 evaluates the “Sensitivity of tropi-
cal forest aboveground productivity to climate 
anomalies”, submitted to Global Biogeochemi-
cal Cycles (Hofhansl et al., 2014) by determining 
the response of tropical lowland forest sites to 
a recent El Niño Southern Oscillation (ENSO) 
anomaly at forest sites differing in topographic 
position and disturbance history located in 
south-western Costa Rica. During seven conse-
cutive years of monthly-recorded data on tropi-
cal forest aboveground net primary production 
(ANPP) in this study, we found that a recent 
ENSO transition (2009-2011) reduced ANPP 
by -20% in response to increased drought (-780 
mm MAP) and maximum temperatures (+3°C 

MATmax) during the El Niño drought period. 
However, subsequently ANPP recovered by 
+24% due to a lagged growth response after the 
La Niña wet period, such that drought-induced 
reductions were overcompensated. Interes-
tingly, this growth response was largely due to 
variations in woody biomass production rather 
than leaf production. Our results indicate that 
wood production rather than canopy producti-
on accounts for drought-induced reductions of 
tropical forest ANPP in response to interannual 
climate anomalies and thus highlight the im-
portance of wood production in terms of the C 
sequestration potential of tropical forest ecosys-
tems. Most strikingly, we found a pattern indi-
cating the importance of local site characteristics 
in determining the responses of tropical forest 
aboveground productivity to large-scale clima-
te anomalies, as growth reductions were most 
prominent at the exposed primary ridge forest 
site (PRi; -35%) but less intense at the primary 
ravine forest site (PRa; -26%) and the downslo-
pe secondary re-growth forest site (SRa; -26%). 
This site-specific climate sensitivity was due 
to topographic differences in soil type and soil 
depth and thus water availability as was indi-
cated by differences in soil bulk density and soil 
moisture between the respective study sites. It 
is therefore plausible that during the El Niño 
dry-period increased maximum temperatures 
and decreased precipitation inputs triggered 
drought stress of trees at the more exposed rid-
ge forest and secondary regrowth forest site but 
did not significantly affect wood production at 
the moist ravine forest site. Our results indica-
te that site-specific characteristics, such as local 
topographic position and edaphic properties 
as well as disturbance history and local species 
composition of nearby tropical lowland forest 
sites, determine the response of tropical forest 
aboveground productivity to climate anomalies. 

THESIS OUTLINE
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GENERAL INTRODUCTION

Tropical rainforests are key components of 
global carbon, water and energy cycles, con-
taining about 40% of the global terrestrial car-
bon pool (Dixon et al., 1994), accounting for one 
third of terrestrial net primary production of 
organic material (Field, 1998) and comprising 
more than half of the world’s plant and animal 
species (Myers et al., 2000). Moreover, tropical 
rainforests serve important ecosystem functions 
such as water recharge and erosion control, as 
well as timber and food production. Loss of 
tropical rainforests therefore has major impacts 
on global biodiversity, net primary production 
and climate. However, our mechanistic under-
standing of the biogeochemical functioning and 
knowledge on future responses of tropical rain-
forests to global climate change and increased 
human pressures is highly fragmentary (Sala et 
al., 2000; Clark et al., 2001b; Wright, 2001; Malhi 
& Phillips, 2004).

In general, (1) climate, (2) edaphic factors 
(soil fertility, topography) and (3) disturbance 
history represent the key factors determining 
species richness, forest biomass and net primary 
production in tropical forest ecosystems (Fig. 1).

 Net primary production (NPP) is defined 
as the biochemical construction of new organic 
material over a specified time interval, or gross 
primary production (GPP) less autotrophic res-
piration (Raut). Thus NPP of an ecosystem cont-
rols net ecosystem production by sequestering 
atmospheric CO2 and supplies organic material 
for heterotrophic respiration (Rhet; Fig. 2).

To measure NPP, the production of new or-
ganic matter over a specified time interval is 
quantified. Net increases in wood of stems and 
branches, fine and coarse litterfall, and net root 
increment generally comprise more than 80% of 
NPP and are therefore most often studied (Clark 
et al., 2001a). Due to the difficulty in estimati-
on of belowground NPP (BNPP), aboveground 
NPP (ANPP) is most frequently studied and 
quantified as the sum of stand increment and lit-
terfall rates, although other loss processes such 
as herbivory (Metcalfe et al., 2014) and the vola-
tization of organic molecules also factor in NPP 
estimates (Clark et al., 2001a), thus resulting in 
underestimation of ANPP due to structural los-
ses (Chambers et al., 2001).

Litterfall and wood increment compri-
se about 90% of ANPP in tropical 
forests (Aragao et al., 2009), with 
average contributions of 53±14% 
for wood increment and 47±8% for 
litterfall (Malhi et al., 2011). These 
contributions vary between sites but 
the environmental determinants of 
this variability are largely unknown 
(Malhi et al., 2011). Recent studies 
proposed that there exists no simple 
relationship between aboveground 
tree growth and fine-litter producti-
on (Shoo & VanDerWal, 2008). The 
lack of a simple relationship bet-
ween the two components was the-
refore suggested to likely result from 
underlying mechanistic processes. 
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figure 1: 
drivers of 
b i o d i v e r -
sity and 
e c o s y s t e m 
p r o c e s s e s 
in tropical 
ecosystems. 
( s o u r c e : 
http://WWW.
univie.ac.at/

bdef).
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In this regard, phenotypic or inter-
specific traits such as growth form or 
allocation of biomass to foliage and 
wood in response to selective pres-
sures such as climatic conditions, soil 
types (Brown & Lugo, 1982; Herbert 
& Fownes, 1999; Harrington et al., 
2001; Paoli et al., 2005) or a combina-
tion of both (Kitayama & Aiba, 2002) 
could determine the pattern of bio-
mass allocation in tropical trees.

The allocation of biomass to cano-
py vs. wood material has important 
implications for tropical biogeoche-
mistry since short-lived canopy com-
ponents and long-lived wood exhibit 
distinct differences in nutrient con-
tent, decomposition and turnover 
rate. Hence, in biogeochemical terms wood 
production represents an important component 
of ecosystem C sequestration, whereas canopy 
production and subsequent fine litterfall repre-
sent an important nutrient recycling process 
(Vitousek, 1984). However, leaf and wood pro-
duction show asynchronous seasonal patterns 
since leaf production peaks at the beginning of 
the dry season and wood production during the 
onset of the rainy season (Wagner et al., 2013). 
Moreover, trees invest more in biomass produc-
tion in the cooler season with lower solar radi-
ation and more in maintenance during the war-
mer high radiation period (Girardin et al., 2013). 
As a result, the allocation of biomass between 
long-lived wood and comparatively short-lived 
leaves and fine roots could represent an import-
ant feature determining the C sink-strength of 
tropical forests (Doughty et al., 2014).

large-scale determinants affecting the 
c sink strength of tropical forests

The C sink strength of tropical forests is con-
trolled by several factors whereof soil fertility, 

air temperature and precipitation are the most 
prominent ones (Vitousek, 1984; Schuur, 2003; 
Cleveland et al., 2011). There has been consider-
able controversy about the effects of increasing 
CO2 and climate change on the productivity 
and C cycling in tropical forests (Körner, 2004). 
Whereas short-term effects of increased tempe-
rature and decreased precipitation resulted in 
increased mortality of tropical trees (Phillips et 
al., 2009), Amazonian long-term forest invento-
ry plots reported increasing trends in tree rec-
ruitment, coupled with increasing tree biomass 
over the past 50 years (Phillips, 1998). Over the 
past century atmospheric CO2 concentrations 
have doubled and mean annual temperatures 
have shown a strong warming trend (Hulme et 
al., 2001; Malhi & Wright, 2004). Over the next 
century, mean annual temperature is predicted 
to increase 1-5°C in tropical regions (Cramer et 
al., 2004; Solomon, 2007). Concomitant changes 
in precipitation that lead to increased drought 
(or soil saturation) could likely have a signifi-
cant impact on fundamental tropical ecosystem 
functions as processes like litterfall, decomposi-
tion and nutrient uptake are synchronized with 

figure 2: 
p a t h W a y s 
and fluxes 
of carbon in 
components 
of tropi-
cal primary 
p r o d u c t i -
on. (source: 
malhi et 

al., 2011).
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the seasonal variation of rainfall between dry 
and wet season in tropical forest ecosystems. 
Both drought and excess water availability im-
pair the mineral nutrition of trees by influen-
cing, on the one hand the nutrient availability in 
the soil, and on the other hand the physiology of 
the uptake systems, mainly of the mycorrhizal 
tree roots. Extreme water regimes also change 
interaction patterns among plants and between 
plants and microorganisms, and alter the C ba-
lance of trees and ecosystems (Kreuzwieser & 
Gessler, 2010). Therefore, projected changes in 
the frequency and severity of climate anomalies 
will likely feed back on the amount and distribu-
tion of C stored in tropical forests via alterations 
of decomposition and mineralization processes 
and the partitioning of NPP to aboveground 
and belowground components (Goldammer, & 
Seibert 1990).

primary production & climate change 
in tropical forests

What determines the seasonal and interan-
nual variation of tropical NPP has become a 
hotly debated subject in studies investigating 
tropical ecosystem processes (Rowland et al., 
2013; Huasco et al., 2013; Doughty et al., 2014). 
So far, it remains unknown whether direct ef-
fects of climate on tropical NPP or rather inhe-
rent phenological rhythms in growth allocation 
dominate the growth response of tropical forest 
ecosystems to climatic signals. In this regard, it 
has been suggested that changing tree growth 
rates could reflect shifts in NPP partitioning 
between wood and canopy (or wood and fine 
root) components rather than changes in overall 
productivity (Doughty et al., 2014) due to a sub-
stantial decoupling between irradiance driven 
leaf renewal and water driven wood production 
(Wagner et al., 2013). Furthermore, it has been 
shown that climate-induced NPP variation was 
largely due to a response in wood production 

rather than litterfall (Vasconcelos et al., 2012). 
Whereas short-lived components (leaf, twig and 
reproductive litterfall) were not significantly re-
lated to interannual climate variation, the pro-
duction of long-lived tissues (wood production) 
was negatively affected by water limitation and 
higher temperatures (Clark et al., 2013). As a 
result, projected increases in maximum tempe-
ratures and concomitant decreases in precipita-
tion could trigger drought-induced reductions 
in wood production and thus negatively affect 
the C sequestration potential of tropical forest 
ecosystems.

To better understand future responses of tro-
pical C sequestration, several approaches have 
been followed, including ecosystem manipula-
tion studies, observational studies of the effects 
of inter-annual climate fluctuations and large 
transect studies. Nonetheless, the number of 
plot-scale ecosystem manipulation experiments 
in tropical forests is limited to a few throughfall 
exclusion (Nepstad, 2002; Brando et al., 2008; 
Moser et al., 2014), litter manipulation (Wood 
et al., 2009; Townsend et al., 2011) and nutrient 
addition experiments (Giardina et al., 2003; Kas-
pari et al., 2008; Homeier et al., 2012; Fisher et 
al., 2013), while CO2 or warming manipulations 
have yet to be undertaken. Therefore, latitudi-
nal or elevational gradients in climate have been 
used as a proxy for future climate change effects 
on long-term responses of tropical forest ecosys-
tem processes. Although these approaches offer 
valuable insights into future impacts on tropi-
cal forests, such extrapolations often confound 
interacting effects of fundamental mechanisms 
underlying ecosystem responses and feedbacks 
to climatic and anthropogenic changes (see: Zui-
dema et al., 2013; Zhou et al., 2013). In order to 
disentangle the effects of interrelated environ-
mental controls on tropical forest C sequestra-
tion long-term and high-resolution records on 
climate and primary production are essential 
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(Clark et al., 2013; Zuidema et al., 2013; Zhou et 
al., 2013). Evaluation of simple climate metrics, 
such as mean annual temperature (MAT) and 
precipitation (MAP), is likely to be insufficient 
to capture the effects of seasonal and interan-
nual climate variations, which are expected to 
be strongly affected by future climate change 
(Cleveland 2011). For instance, periodic climate 
fluctuations such as those triggered by El Niño 
Southern Oscillation (ENSO) can be used to in-
vestigate the effects of climatic excursions on 
tropical forest productivity. In Central America 
the ENSO transition is associated with two pha-
ses; the warm and dry El Niño phase characteri-
zed by less annual precipitation and higher an-
nual temperatures (Clark et al., 2003; Phillips et 
al., 2009; Clark et al., 2010), opposite to the cold 
and wet La Niña phase (McPhaden et al., 2006). 
Therefore, the observation of tropical ecosystem 
processes such as litterfall and wood increment 
observed during an ENSO transition provides 
reliable information on the response of tropical 
ecosystem processes to anomalous climate ext-
remes and can therefore serve as useful proxy 
for potential future climate change scenarios.

Recent studies have addressed this issue by 
investigating which factors control seasonal and 
interannual changes in tropical tree growth (Gli-
niars et al., 2013; Rowland et al., 2014; Mendi-
velso et al., 2014). In general, precipitation and 
solar radiation were the main seasonal drivers 
of tropical tree growth (Wagner et al., 2014), 
while maximum temperatures (Gliniars et al., 
2013) and increasing drought periods reduced 
tree growth (Mendivelso et al., 2014). Further-
more, Rowland et al. (2014) demonstrated si-
gnificant differences between tree functional 
properties and the degree of seasonality of tree 
growth, consistent with a hypothesized tra-
de-off between maximum potential growth rate 
and hydraulic safety of tropical trees. Therefore 
fast-growing, low wood density, tall and broad 

stemmed trees experienced greater reductions 
in dry season increment than slower-growing 
trees with higher wood density, indicating that 
the functional composition of tropical forests is 
an important determinant of annual patterns of 
biomass accumulation (Rowland et al., 2014). 
On the one hand, this suggests that long-term 
changes in climate variables might trigger shifts 
in species composition in favor of slow-gro-
wing, drought-tolerant species in conjunction 
with an increase in forest biomass (Fauset et al., 
2012). On the other hand, more frequent short-
term disturbances such as those linked to ENSO 
events typically increase the mortality of large 
trees (Phillips et al., 2010) and thus may trigger 
a decrease in stand-level biomass. Hence, pro-
jected increases in short-term climate anomalies 
could possibly counteract the long-term effects 
of increasing biomass due to shifts in species 
composition, and thus negatively affect the C 
sequestration potential of tropical forests.

Despite the fact that temperature was re-
ported the most important predictor of tropical 
forest productivity (Raich et al., 2006), this rela-
tionship was recently found to be driven by dis-
tinct temperature differences between low pro-
ductive montane and high productive lowland 
forests, such that within tropical lowland forests 
soil-based measures of phosphorus explained 
a significant proportion of variation in aboveg-
round NPP (Cleveland et al., 2011). In addition, 
limitations of soil water and nutrient availability 
are lower in highly productive lowland forests 
stocking on soils rich in nutrients and moisture 
and thus decreasing the relative investment into 
belowground NPP components. As a result, the-
se forests were found to allocate a greater pro-
portion of NPP into aboveground structures, 
mainly wood production (McMurtrie & Dewar, 
2013). Accordingly, the biomass production ef-
ficiency, i.e. the fraction of C allocated to wood 
production, increased three-fold with increa-
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sing nutrient availability, whereas foliage and 
root production remained unchanged (Vicca et 
al., 2012). This suggests that in more productive 
forests with high nutrient and water availability 
and higher annual temperature a greater pro-
portion of NPP is allocated to wood producti-
on, therefore increasing aboveground C storage. 
Hence, this underlines the importance of local 
topo-edaphic factors, which affect soil water 
and nutrient availability and in turn determi-
ne the amount of C stored in aboveground tree 
biomass and thus the C sink strength of tropical 
forests.

nutrient cycling & climate change in 
tropical forests

Nutrient cycling - the cycling of elements in 
ecosystems - describes fluxes of nutrients bet-
ween pools in soils, plants, animals and decom-
poser microorganisms (Fig. 3).

In tropical forests, in contrast to most other 
ecosystems, the greatest amount of organic 
matter and nutrients is stored in living biomass 
rather than the soil matrix (Whitmore, 1998). 
However, up to 30% of the overall carbon flux 

may be transferred into the belowground roo-
ting zone from trees to myccorhizal symbionts 
(Vicca et al., 2012). Moreover, this carbon trans-
fer is inversely related to nutrient availability, 
such that myccorhizal abundance declines in 
response to nitrogen and phosphorous avai-
lability (Högberg et al., 2003; Treseder, 2004). 
Hence, forests with high nutrient availability do 
not need to invest photosynthates into the root 
system to gather limiting resources and were re-
ported to produce aboveground biomass more 
efficiently (Vicca et al., 2012). This suggests that 
the nutrient status of a tropical rainforest affects 
the relative investment into belowground bio-
mass, which in turn determines the amount of 
photosynthates (mostly carbon) available for 
investment into aboveground biomass (mainly 
tree growth) and thus the C sink strength of tro-
pical forest ecosystems.

Over the long term, the nutrient status of a 
tropical rainforest is controlled by the balance 
between processes governing nutrient inputs 
(dry and wet deposition, weathering and nitro-
gen fixation) and nutrient outputs (soil leaching 
and volatilization). While processes such as nu-

trient uptake and release by plants 
and microorganisms are mostly go-
verned by the same factors, inputs 
and losses occur along different pa-
thways. The consequences are diffe-
rences in the “openness” and “buffe-
ring capacity” of the main cycles of 
carbon, water, nitrogen and phos-
phorus (Chapin et al., 2011). While 
the carbon cycle is highly open and 
well buffered through the exchan-
ge of CO2 with the atmosphere, the 
water cycle lacks notable storage ca-
pacity and thus organisms strongly 
depend on water inputs from preci-
pitation.

In tropical rainforests, nutrient 

figure 3: 
pools and 
fluxes of 
carbon and 
n u t r i e n t s 
in tropical 
rainforests. 
(source: Wa-
nek et al., 

2008).

GENERAL INTRODUCTION

1919



20

GENERAL INTRODUCTION

cycles are relatively more closed than 
in other terrestrial ecosystems, and 
characterized by intensive internal 
cycling compared to relatively low 
inputs and losses (McDowell, 1998). 
Nitrogen is especially limited as be-
drock is virtually N free and N is 
therefore introduced into soils and 
ecosystems by biological N fixation. 
Therefore, developing ecosystems 
are rather N limited but relatively 
rich in P and other rock-derived ele-
ments (Harrington et al., 2001). Ho-
wever, with soil age weathering and 
leaching processes result in cation 
and P depletion, while N accumu-
lates in soils and vegetation, leading 
to P limitation of the productivity of 
old tropical forest ecosystems (Herbert & Fow-
nes, 1995; Vitousek & Farrington, 1997). In addi-
tion, in highly weathered tropical soils P is of-
ten occluded in secondary minerals and highly 
resistant organic compounds, which further 
contributes to P limitation of tropical primary 
productivity. However, atmospheric deposition 
of K+, Na+, N, Cl- and SO4

2- in dust, aerosols and 
precipitation represents a major source of ele-
ments sustaining primary production in forests 
that stock on highly nutrient depleted tropical 
soils (Chadwick et al., 1999). Moreover, erosion 
and tectonic uplift can counteract the depletion 
of primary minerals in geologic active tropical 
regions (Porder et al., 2006). Hence, to maintain 
forest biomass and production at high levels, the 
nutrient demands and ecosystem losses must be 
met by internal recycling through nutrient relea-
se from decomposing fine litter, dead wood and 
roots, as well as from weathering and smaller 
inputs by wet and dry deposition and nitrogen 
fixation.

Whereas aboveground biomass represents 
the biggest portion of ecosystem C stocks, the 

major sources of nutrients for internal nutrient 
cycling include litterfall and litter decompositi-
on processes as well as the input of canopy le-
achates via throughfall and stemflow. Litterfall 
provides the central source for nutrient cycling 
of N, P and Ca2+ (Martius & Bandeira, 1998) and 
throughfall and stemflow contribute significant-
ly to nutrient cycles of K+ and Mg2+ (Chuyong 
et al., 2003; Tobon et al., 2004) in tropical rainfo-
rests (Fig. 4).

Litterfall and subsequent litter decompositi-
on are key processes in terrestrial nutrient cy-
cling producing nutrients in available forms for 
plant and microbial production via the break 
down of organic matter. The rate of decomposi-
tion is determined by litter quality and the phy-
sical environment (Austin & Vitousek, 2000). In 
general, more nutrient rich “high quality” litter 
decomposes more rapidly than “low quality” lit-
ter that is low in nutrients. Therefore forest sites 
with low decomposition rates have to cycle nu-
trients more efficiently and thus high stand level 
nutrient use efficiency often points to nutrient 
limitation (Santiago & Mulkey, 2005). Nutrient 
limitation affects forest productivity in multip-

figure 4: 
p a t h W a y s 
of nutri-
ent cycling 
in tropical 
rainforests. 
(source: Jor-

dan, 1985).
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le ways, e.g. by reducing leaf area index (LAI), 
photosynthetic capacity, or both (Harrington et 
al., 2001). High NPP in tropical rainforests the-
refore indicates that the nutrient use by tropical 
forests is enhanced by several nutrient conser-
ving mechanisms, increasing the retention of 
nutrients in the living or dead biomass pool 
(e.g. higher fraction of nutrient re-translocation, 
increased life span of leaves, fine roots and my-
corrhizal association). Therefore, vegetation and 
soil microbes play a key role in retaining and 
recycling essential nutrients through producti-
on and decomposition of plant biomass. In turn, 
factors affecting rates of production and decom-
position can feedback on nutrient cycling both 
directly through mineralization of organically 
bound nutrients, and indirectly through chan-
ges in nutrient retention and storage associa-
ted with plant biomass and soil organic matter 
(McGroddy & Silver, 2011).

For instance, climate change impacts on litter 
production may result from shifts in the timing 
and amount of rainfall since litterfall and nutri-
ent uptake are synchronized to seasonal patterns 
of precipitation (McGroddy & Silver, 2011). It 
has been shown that seasonality of litterfall was 
negatively correlated to mean annual precipita-
tion (Santiago & Mulkey, 2005) and positively 
to the seasonality of rainfall (Chave et al., 2010). 
Hence, alterations in the amount and timing of 
rainfall may significantly affect nutrient cycling 
via litter production, as leaf litter nutrient con-
centrations are related to rainfall seasonality in 
moist and dry tropical forests (Read & Lawrence, 
2003; Wood et al., 2005). Unlike for N, leaf litter P 
concentrations are positively correlated with an-
tecedent rainfall, and cations are mainly leached 
from live leaf tissue (Wood et al., 2005). The latter 
process further highlights the importance of nu-
trient inputs derived from canopy leaching and 
atmospheric deposition, which are transported 
via hydrological pathways by throughfall and 

stemflow to the forest floor. However, as climate 
change likely leads to alterations in patterns of 
precipitation, shifts in the length of intermittent 
dry season may lead to temporal separation of 
plant demands and nutrient availability (Silver, 
1998). Although it has been shown that plant 
species can respond flexibly to changing nutri-
ent availabilities by increasing nutrient re-trans-
location from senescent plant tissues (Herbert & 
Fownes, 1999; Harrington et al., 2001), over the 
long-term a shift to significantly wetter or drier 
environments could trigger shifts in species 
composition with associated changes in both lit-
ter quality and quantity (Condit, 1998; Santiago 
et al., 2005), in turn affecting decomposition and 
nutrient cycling. As a result, nutrient cycling in 
tropical forests is likely to be sensitive to global 
changes, due to alterations in the amount and 
distribution of precipitation affecting plant lit-
ter dynamics, and decomposition processes via 
shifts in tree species composition.

local-scale & species-specific determi-
nants affecting the c sink strength of 
tropical forests

Besides the large-scale determinants of tropi-
cal forest productivity discussed in the previous 
sections, local topo-edaphic factors affecting soil 
water and nutrient availability will likely deter-
mine the sensitivity of tropical tree species to 
climatic and anthropogenic changes. For instan-
ce, topographic variation in water availability 
coupled with differential drought sensitivity 
of tropical tree species was found to shape spe-
cies distribution in tropical forests (Engelbrecht 
et al., 2007). In accordance, Comita et al. (2009) 
found that differential patterns of seedling mor-
tality among species contribute to species topo-
graphic habitat associations and thus contribute 
to niche differentiation in tropical forest com-
munities. Therefore, changes in water availabili-
ty due to more frequent severe drought periods 
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may significantly affect population dynamics 
with potential long-term consequences for spe-
cies abundance and distribution (Condit, 1998; 
Condit et al., 2004; Condit et al., 2013). Further-
more, such drought-induced shifts in species 
composition were found in association with al-
terations in aboveground tree biomass (Fauset 
et al., 2012) and thus could affect aboveground 
C storage in tropical forests.

It has been shown that the drought sensi-
tivity of tropical tree growth differed among 
Neotropical tree species, such that diverse 
growth responses among coexisting tree spe-
cies were related to species-specific responses 
of wood formation to water availability (Mendi-
velso et al., 2014). Therefore, more sensitive spe-
cies require more water and more efficient water 
transport for growth than less sensitive species 
and thus drought sensitivity is related to diffe-
rent life-history strategies of drought-tolerant 
versus fast-growing opportunistic species that 
determine water use and storage (Markesteijn et 
al., 2011). Consistently, the sensitivity of tropical 
tree growth to climate variations was found to 
be associated to functional trade-offs between 
early and late-successional species in Amazoni-
an lowland rainforests (Rowland et al., 2014). In 
general, early successional tree species with low 
wood density rather invest into rapid growth to 
prevent shading, whereas late-successional cli-
max species tend to be shade-tolerant but slow 
growing to reduce mortality risks (Rowland et 
al., 2014). As a result, short-term drought ano-
malies could have the potential to kill trees 
selectively since fast-growing, light-wooded 
trees might be especially vulnerable to drought 
by cavitation or carbon starvation (Condit et 
al., 1996; McDowell et al., 2008). In accordance, 
Phillips et al. (2009) found that Amazonian tree 
species dying during a recent El Niño drought 
period had lower wood densities than those 
dying before. Therefore, species with denser 

wood were less vulnerable to drought and thus 
could become dominant after longer periods of 
water deficit (Phillips et al., 2010).

A recent study modeling the effects of non-
random species loss on aboveground carbon 
storage found that the extinction of fast-growing 
species with the lowest wood density increa-
sed C storage by 10%, whereas the loss of high 
statured drought-tolerant species resulted in a 
strong decline in C stocks by over 30% (Bunker, 
2005). In accordance, during the 2009 El Niño 
drought period occurring throughout the Ama-
zon the biomass carbon sink was reversed due 
to increased tree mortality (Phillips et al., 2009). 
However, during recent decades forests aboveg-
round biomass increased significantly by 0.6 Mg 
carbon per hectare and year among 59 plots mo-
nitored in old-growth Amazon (Phillips, 1998; 
Baker et al., 2004a). In fact, besides tree growth 
and stem recruitment also tree mortality and 
turnover rates have increased substantially (Le-
wis et al., 2004), suggesting an increase in the 
frequency of tree-fall gap formations (Phillips & 
Gentry, 1994). This would indicate an advantage 
of light-demanding species with higher growth 
rates at the expense of slow growing shade-to-
lerant species (Körner, 2004) in association with 
a community wide decrease in carbon content 
(West et al., 1999) and thus C storage. A resul-
ting Amazon-wide decrease in mean wood spe-
cific gravity of just below 0.5% would cancel out 
the C sink effect apparently caused by accelera-
ted plant productivity (Phillips et al., 2011).

Nonetheless, it was reported that there exist 
two groups of forest sites across the Amazon: 
the more dynamic and faster growing sites in 
the western Amazon, and less dynamic and 
slower growing sites in the eastern and central 
Amazon (Lewis et al., 2004). These results are 
generally consistent with the ‘positive feedback 
hypothesis’ (Quesada et al., 2009), which cont-
rasts rich soils with high turnover that support 
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fast-growing species with smaller maximum 
sizes and lower wood density, vs. less fertile 
soils with lower turnover that support the accu-
mulation of many, larger trees with high wood 
density (Baraloto et al., 2011). According to the 
assumptions, soil physical and chemical condi-
tions trigger positive feedback mechanisms that 
maintain the large-scale patterns of slow growth 
and long residence times in the eastern and cen-
tral areas of the Amazon Basin, as well as a do-
minance of fast-growing, light-demanding spe-
cies in the western and southern parts (Quesada 
et al., 2012). In the eastern forests low disturban-
ce leads to shade environments and together 
with limited nutrient supply favors tree species 
with a slow growth strategy, thus increasing 
wood density and carbon residence times. In 
the western forests greater nutrient availability 
favors fast-growing tree species with a lower in-
vestment into woody structures, thus reducing 
mean tree life times, increasing turnover rates 
and disturbance frequencies (Quesada et al., 
2012). Overall, this indicates that soil physical 
conditions and associated soil nutrient availa-
bility potentially determine forest disturbance 
levels and tree turnover rates, and thereby di-
rectly influence stand level wood density and 
carbon storage in tropical forest ecosystems.

tropical deforestation, secondary re-
groWth & land-use change in tropical 
forests

Tropical deforestation and land use change 
have a significant impact on the global carbon 
cycle through increased rates of carbon emissi-
ons to the atmosphere and the loss of aboveg-
round and belowground carbon accumulati-
on and storage capacity (Silver et al., 2001). In 
general, tropical carbon storage is under major 
threat due to ongoing deforestation and con-
version of pristine forest to pasture and agri-
cultural land, further increasing rates of carbon 

emissions to the atmosphere (Silver et al., 2001). 
Hence, in many tropical areas, such as the Bra-
zilian Amazon, an increase in secondary forest 
cover is still directly related to loss of C stocks 
at the landscape scale (Houghton et al., 1991). 
However, despite the fact that about half of se-
condary forests in tropical America are adopted 
from previously undisturbed primary forest 
(Brown & Lugo, 1990) in many tropical regions 
reforestation occurs in the form of agrofores-
try systems and plantations, thus an increase 
in secondary forest cover on formerly cleared 
lands typically represents an increase in forest 
biomass and associated C stocks. Approxima-
tely half of the tropical biome is in some stage of 
recovery from past human disturbance, due to 
secondary forest re-growth on abandoned agri-
cultural or pasture lands (Silver et al., 2001). Se-
condary forests store approximately 40% of tro-
pical biomass C and annually grow by about 9 
million hectares per year (Brown & Lugo 1990). 
Therefore, secondary forests are becoming an 
increasingly important component of tropical 
landscapes with the potential to restore tropical 
C storage after substantial losses of soil carbon 
due to deforestation (Schedlbauer & Kavanagh, 
2008). However, although restored forests could 
improve ecosystem services and enhance biodi-
versity conservation, their species composition 
and structure will not match the original forest 
cover (Chazdon, 2008). These shifts in life-form 
and species composition along successional gra-
dients of regeneration potentially affect the abo-
veground structure and biomass as the forests 
age. Hence, which species predominate during 
secondary succession may have a large effect on 
the C storage of tropical landscapes. For instan-
ce, it was proposed that future aboveground C 
storage could vary by several hundred percent, 
depending on species composition scenarios for 
a Panamanian tropical lowland rainforest (Bun-
ker et al., 2005). Such documented relationships 
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between biodiversity and C storage, as well as 
recent indications of positive biodiversity-eco-
system functioning relationships in these hy-
per-diverse systems (Cavanaugh et al., 2014), 
highlight the importance of conservation and 
management of the biological richest ecosys-
tems on the planet.

Since carbon gain or release at the landsca-
pe scale is usually estimated as the change in C 
content due to changes in biomass of the vege-
tative cover, this estimate is affected by a suite 
of environmental and ecological factors. To that 
end, a recent literature evaluation aimed at in-
vestigating the effects of tropical forest succes-
sion on tropical C stocks and found that while 
aboveground C accumulation was affected by 
time of abandonment, past land-use and land 
cover type, such that aboveground biomass 
C accumulated during secondary succession, 
soil C stocks changed very little with time sin-
ce abandonment (Spiotta et al., 2008). There-
fore, soil carbon storage did not increase with 
secondary forest age and was unrelated to in-
creases in aboveground carbon storage (Schedl-
bauer & Kavanagh, 2008). As a result, in contrast 
to aboveground biomass C, soil C stocks were 
reported similar between tropical secondary fo-
rests, tree plantations and reference forests at the 
pantropical scale (Spiotta & Sharma, 2013). Fo-
rest age was generally reported a poor predictor 
of soil C stocks, however, it was suggested that 
environmental variables (rainfall, temperature, 
soil type) are more important determinants for 
soil C stocks on high productive sites, while hu-
man management factors (land cover type, prior 
land use) show stronger effects on low producti-
ve sites (Spiotta & Sharma, 2013). This suggests 
that differences in the turnover and nutrient 
dynamics between forest sites could determine 
the rate of recovery (resilience) of the carbon 
stock after disturbance. While in high produc-
tive and nutrient-rich systems rapid turnover of 

aboveground biomass and comparatively high 
litter inputs rapidly replenish soil C stocks af-
ter disturbance, this process is delayed on nu-
trient-impoverished soils. Therefore, such high 
rates of productivity are often associated with 
low nutrient use efficiency and high leaching 
rates, whereas low productive systems exhibit 
high nutrient conservancy, such that overall soil 
C stocks are comparable between both systems.

Nonetheless, soil fertility can be an import-
ant factor determining the regeneration of tro-
pical forests, as prior land-use such as repeated 
fire and long-term pasture use may have caused 
substantial losses of nutrients from agricultural 
soils. Nutrient fertilization experiments on aban-
doned pastures found that tropical tree species 
during early succession responded positively to 
nitrogen (Davidson, 2004), whereas secondary 
succession responded most to phosphorous ad-
dition (Gehring, 1999). In addition, a recent stu-
dy investigating nutrient dynamics during suc-
cession in dry tropical forests found that forest 
structure and litter nutrient concentrations are 
strongly influenced by water and nutrient avai-
lability (especially P), as well as land-use histo-
ry (Read & Lawrence, 2003). Whereas P nutri-
ent use efficiency was lowest at sites of highest 
productivity, litter resorption proficiency was 
highest at low productive sites. This suggests 
that stand-level nutrient use efficiency tends to 
diminish with increasing productivity and nu-
trient availability. Therefore, water and nutrient 
limitation not only represent important controls 
on primary production and nutrient cycling but 
also constitute significant factors determining 
the recovery and regeneration of tropical forest 
ecosystems (Read & Lawrence, 2003).

In summary, this highlights the complica-
ted nature of carbon, water and nutrient cycles 
that eventually determine the productivity and 
carbon storage of tropical forests. As a result, 
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both large-scale environmental drivers, as well 
as local-scale topo-edaphic factors that affect 
water and nutrient availability and thus shape 
niche differentiation of tropical tree species will 
likely affect the C storage capacity in tropical fo-
rest ecosystems. Therefore, spatial differences in 
soil type, hydrology and soil fertility, as well as 
successional stage and tree species composition 
between respective forest sites could represent 
key factors determining the response of tropical 
aboveground net primary production to projec-
ted global changes and thus affecting the C sink 
strength of tropical forest ecosystems.

study aims

Tropical forests are of global significance to 
climate because of their ability to alter the global 
water and carbon cycles through the exchange 
of energy, water and trace gases. Due to the lin-
kage of global carbon and nutrient cycles with 
climatic variables tropical forests are evidently 
sensitive to global changes in resource levels 
and may show large structural and dynamic ch-
anges in the future. Understanding the mecha-
nisms controlling carbon storage and nutrient 

cycles of tropical forests and its responses to en-
vironmental drivers is therefore of paramount 
importance to accurately predict future respon-
ses of tropical forest C sequestration to projected 
global changes.

In this thesis we therefore evaluate the cli-
mate sensitivity of tropical aboveground net 
primary production by investigating seven con-
secutive years of monthly censuses (n=84) on 
aboveground biomass increment of 379 tropical 
trees as well as associated nutrient inputs via lit-
terfall, throughfall, stemflow and bulk precipita-
tion at three forest sites differing in topography 
and disturbance history located in southwestern 
Costa Rica. Among the investigated environ-
mental drivers, climate (temperature, precipi-
tation, dry season length) and edaphic factors 
(soil fertility, topography) constituted the major 
controls on primary production and nutrient cy-
cling in tropical lowland rainforests. Moreover 
the highly diverse tree vegetation (approx. 200 
species per hectare) showed the highest wood 
increments and among the highest litterfall rates 
published to date and thus highlights the excep-
tional position of the high productive lowland 

rainforests located in southwestern 
Costa Rica.

We focus on the effects of topo-
graphy and anthropogenic distur-
bance on forest primary production 
(wood increment, litterfall, and fine 
root production) and nutrient cy-
cling (atmospheric deposition, cano-
py exchange, throughfall, stemflow, 
litter decomposition, and soil nutri-
ent contents) at different spatial and 
temporal scales; (i) globally across 
wide climatic gradients based on a 
literature compilation of pantropical 
forest sites, as well as locally over (ii) 
interannual and (iii) seasonal time 
scales, at three lowland forest sites 

figure 5: 
study sites 
d i f f e r i n g 
in topog-
raphy and 
disturbance 
history in 
s o u t h W e s -
tern costa 
rica. (sour-
ce: http://
WWW.univie.

ac.at/bdef).
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differing in topography and distur-
bance history in southwestern Costa 
Rica (Fig. 5).

study design

To study the response of tropi-
cal ecosystem processes in relation 
to (1) climate anomalies i.e. El Niño 
Southern Oscillation (ENSO), as 
well as local site characteristics such 
as (2) topographic position and (3) 
disturbance history we established 
monitoring sites in the vicinity of the 
Tropical Research Station La Gamba, 
Piedras Blancas National Park (“Re-
genwald der Österreicher”), Costa 
Rica. The study sites are located at 
the Southern Pacific slope of Costa 
Rica, with a mean annual temperature (MAT) of 
28° C and a mean annual precipitation (MAP) of 
6000 mm (Weber et al., 2001; Wanek et al., 2008; 
Weissenhofer et al., 2008). The Golfo Dulce re-
gion is outstanding in terms of extraordinary 
high MAP and MAT, plant species diversity and 
productivity and therefore represents an excep-
tional habitat to study the effects of climatic va-
riations on tropical ecosystem processes.

Based on recent remote sensing data forest 
plots were established in the following ecosys-
tems: primary undisturbed rainforests situated 
in (1) hilltop and (2) valley bottom positions, as 
well as (3) secondary forests aged about 15-25 
years and stocking on abandoned pasture or ag-
ricultural land. In each of the study sites moni-
toring plots were set up in triplicate (each 400 
m2), so that each forest type was covered by 0.12 
hectare of survey area.

Ecosystem monitoring included data on cli-
mate variation (i.e. daily precipitation as well 
as daily mean, minimum and maximum tempe-
rature), topography (i.e. elevation, aspect, and 
slope), edaphic characteristics (microclimate, 

soil physics and chemistry), biodiversity (tree 
species composition), as well as ecosystem pro-
cesses (aboveground net primary production, 
wood increment, litterfall, throughfall, stem-
flow and associated nutrient fluxes).

In this thesis we opted to investigate the 
seasonal variation of aboveground net primary 
production (ANPP) and therefore used wood 
increment as indicator of wood production (Fig. 
6), as well as total fine litterfall corrected for ch-
anges in leaf area as surrogate for canopy pro-
duction (Fig. 7), at monthly time resolution.

Wood production (WP) was estimated by 
repeatedly measuring the diameters at breast 
height (DBH) of all trees approx. 1.30 m aboveg-
round or above buttresses or other irregularities 
according to standard best-practice techniques 
(Clark et al., 2001a; Baker et al., 2004b). Trees 
above 10 cm DBH were equipped with dendro-
meter bands (Fig. 6). Trees below 10 cm DBH 
were measured using sliding calipers. Measure-
ments were repeatedly performed every month 
for trees above 10 cm DBH and every 3 months 
for trees below 10 cm in diameter throughout the 
study period between 2006 and 2013. Tree height 
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was estimated for all trees of this study (n=349) 
using inclinometers (Suunto PM-5/360 PC cli-
nometer, Valimoti, Finland) and wood density 
(ρ) was measured for 13 out of 61 tree species 
in this study for which data were not available 
in the literature. For the remaining species data 
on wood density was retrieved from the global 
wood density database (Zanne et al., 2009). We 
then used the allometric equation for wet forest 
stands (AGB = exp (-2.557+0.940 ln (ρ D2 H))) 
published by Chave et al. (2005) to calculate WP 
in Mg ha-1 yr-1 (Keeland & Sharitz, 1993; Clark & 
Clark, 2000).

Canopy production (CP) was estimated by 
collecting litterfall in litter traps (50 cm in dia-
meter) fixed 100 cm above soil level. Traps were 
made of bottom cut PVC tubing, covered by a 
1x1 mm nylon mesh, and positioned in the cen-
ter of ten subplots in each of the three forest si-
tes (Fig. 7). Samples have been taken in intervals 
ranging from 2 to 4 weeks between February 
2005 and April 2013. Litter samples were divi-
ded into two fractions: fine leaf litter (consisting 
of leaves only) and residual litter (consisting of 
twigs, reproductive material and fine unidenti-

fiable material), oven dried and weighed to cal-
culate canopy production in mega gram carbon 
per hectare and year (Drage, 2007). The sum of 
these fractions was used to calculate total fine 
litterfall in Mg ha-1 yr-1 (but see: Clark et al., 
2001a). We furthermore calculated canopy pro-
duction (CP in g m-2) from litterfall (LF in g m-2) 
corrected for changes in leaf area index (LAI in 
m2 m-2) times leaf mass area (LMA in g m-2) fol-
lowing the equation: CP = LF + (LAIt - LAIt-1) * 
LMA and then converted CP to Mg ha-1 yr-1.

We finally calculated aboveground net pri-
mary production (ANPP) as the sum of wood 
production (WP) and canopy production (CP). 
This estimate of ecosystem productivity was 
then used to analyze the relationship between 
climate variables (i.e. bulk precipitation, num-
ber of dry days, maximum and minimum tem-
peratures) and productivity parameters (i.e. 
ANPP, WP, CP) concerning the response of tro-
pical ecosystem processes to climate anomalies.

figure 7: 
m e a s u r e -
ment of lit-
terfall as a 
s u r r o g a t e 
of canopy 
p r o d u c t i -
on. (source: 
http://WWW.
univie.ac.at/

bdef).
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Summary

� The proportion of carbon allocated to wood production is an important determinant of the

carbon sink strength of global forest ecosystems. Understanding the mechanisms controlling

wood production and its responses to environmental drivers is essential for parameterization

of global vegetation models and to accurately predict future responses of tropical forests in

terms of carbon sequestration.
� Here, we synthesize data from 105 pantropical old-growth rainforests to investigate envi-

ronmental controls on the partitioning of net primary production to wood production (%WP)

using structural equation modeling.
� Our results reveal that %WP is governed by two independent pathways of direct and indi-

rect environmental controls. While temperature and soil phosphorus availability indirectly

affected %WP via increasing productivity, precipitation and dry season length both directly

increased %WP via tradeoffs along the plant economics spectrum.
� We provide new insights into the mechanisms driving %WP, allowing us to conclude that

projected climate change could enhance %WP in less productive tropical forests, thus increas-

ing carbon sequestration in montane forests, but adversely affecting lowland forests.

Introduction

The allocation of gross primary production (GPP) to net biomass
production (NPP) as opposed to losses through respiration deter-
mines the residence time and sink strength of carbon (C) in ter-
restrial ecosystems (Chen et al., 2013; Galbraith et al., 2013). As
terrestrial NPP is controlled by temperature, water, and nutrient
availability, global change probably affects terrestrial C allocation
and hence the terrestrial C sink strength, in turn triggering feed-
back mechanisms on climate (Clark et al., 2001b). Tropical for-
ests contribute substantially to the terrestrial C sink (Stephens
et al., 2007) and thereby play important roles in global climate
regulation, but they also respond sensitively to global changes
(Clark et al., 2003). Understanding the mechanisms of tropical
forest C allocation and its response to environmental drivers is
therefore of paramount importance for parameterization of
global vegetation models and to accurately predict future
responses of tropical C sequestration to global changes (Litton
et al., 2007; Chen et al., 2013; McMurtrie & Dewar, 2013).

The available empirical data have so far not resulted in an
unequivocal pattern of forest C allocation at larger scales. A
recent synthesis of carbon allocation across global forest ecosys-
tems could not identify priorities for the products of photosyn-
thesis, as fluxes to all components of GPP increased with
productivity (Litton et al., 2007). However, the authors reported
that increased resource supply resulted in increased productivity,

followed by increased allocation to above-ground wood produc-
tion, while the allocation to foliage and autotrophic respiration
was more conservative and that to roots decreased with produc-
tivity (Litton et al., 2007). In agreement with this, Vicca et al.
(2012) demonstrated that fertile forests exert higher biomass pro-
duction efficiency, such that the fraction of C allocated to above-
ground wood production increased with nutrient availability.

However, knowledge of the mechanisms controlling C alloca-
tion remains especially scarce for tropical forests, as GPP and
NPP data are available for only a few sites, causing these ecosys-
tems to be underrepresented in global syntheses (Malhi et al.,
2011; Chen et al., 2013; Clark et al., 2013; Zhou et al., 2013;
Zuidema et al., 2013). This is even more valid for environmental
controls on tropical forest C allocation.

Across the tropical forest biome, temperature was reported as
the strongest predictor of tropical forest NPP, such that all com-
ponents of NPP increased in response to temperature with no
effect on wood relative to canopy production (Raich et al., 2006),
athough, globally, allocation to wood production increased with
productivity (Litton et al., 2007). However, just recently, Cleve-
land et al. (2011) found that the strong positive relationship
between temperature and tropical forest productivity was driven
by distinct differences in NPP between cool montane and warm
lowland forests, caused by differences in proximal drivers of NPP
in these forest types. By contrast, for lowland tropical rainforests,
small increases in night-time temperature associated with El Ni~no
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phenomena were shown to strongly depress wood production
while canopy production was relatively unaffected (Clark et al.,
2013), indicating that these forests thrive close to their thermal
optimum (Corlett, 2011)1 . Moreover, the productivity of tropical
rainforests was reported to decline at the highest amounts of
mean annual precipitation, caused by reduced decomposition
and nutrient availability in the long term (Schuur, 2003; Powers
et al., 2009). However, this negative effect could also result from
indirect effects of reduced light availability as a result of increased
cloud cover during precipitation events (Graham, 2003;2 Pau
et al., 2013), rather than being a direct consequence of water
availability (Wagner et al., 2012, 2014). On the other hand,
wood production was found to respond more sensitively to
drought in throughfall exclusion experiments than canopy pro-
duction and litterfall (Brando et al., 2008; Moser et al., 2014),
suggesting that allocation tradeoffs among NPP components
dominate the response of tropical forest growth to seasonal and
interannual drought (Doughty et al., 2014). Overall, these oppos-
ing trends therefore point to strong differences in spatial (mon-
tane vs lowland) as well as temporal (long-term vs short-term)
responses of tropical NPP components, forest C allocation and
eventually C sequestration to environmental drivers, such as
changing climate and atmospheric deposition.

Short-term and long-term responses may differ markedly, as
short-term environmental changes act on the present tree com-
munity, whereas long-term responses affect species turnover, trig-
gering changes in tropical forest community composition.
Alterations in the composition of tropical tree communities in
response to environmental change could trigger community-wide
shifts in plant functional traits that affect the performance and
life-history strategy of tropical trees (Poorter et al., 2009).

Many important plant functional traits covary or are negatively
related as a result of opposing investment strategies along the
plant economics spectrum (Baraloto et al., 2010). For instance,
opportunistic species are characterized by fast growth and high
hydraulic conductivity, whereas drought-tolerant species grow
more slowly but maximize plant hydraulic safety (Poorter &
Bongers, 2006). Hence, plant functional traits such as those asso-
ciated with slow vs fast plant growth (Reich, 2014)3 can determine
the resistance and resilience of trees to periodic disturbances and
cause drought-induced shifts in the functional composition of
tropical rainforest trees in the long term (Fauset et al., 2012).
Concomitant shifts along the plant economics spectrum resulting
from species turnover could thus lead to changes in stand-level
measures of C allocation, as, for instance, a shift towards greater
plant hydraulic safety associated with higher wood density and
lower leaf area : sapwood area ratios could result in increased C
allocation to wood production and decreased allocation to
canopy production.

The current knowledge suggests that projected changes in
environmental drivers such as elevated temperature, increasing
length of drought periods and increasing nutrient deposition
could result in alterations of long-term woody biomass C seques-
tration in tropical old-growth forests (Phillips et al., 2010; Fauset
et al., 2012; Doughty et al., 2014). So far, however, the relation-
ships and interactions among multiple environmental drivers and

tropical forest wood allocation remain poorly resolved. Hence, in
this study we aimed to elucidate the underlying mechanisms and
pathways among environmental drivers of C allocation to wood
production in tropical rainforests. To that end, we compiled a
pantropical database of > 100 old-growth forests for which data
on wood and canopy (and fine root) production were reported.
We applied structural equation modeling to resolve the relative
importance of environmental controls (i.e. mean annual tempera-
ture (MAT), mean annual precipitation (MAP), dry season
length (DSL) and cloud cover (CLD), as well as leaf, litter and
soil N : P ratios) on the partitioning of NPP to wood production
(%WP).

We hypothesized that %WP increases with environmental fac-
tors that promote overall forest productivity, and thus cause light
limitation and enhanced stem height growth; that %WP
increases as a result of drought-induced changes in investment
strategies along the plant economics spectrum, causing coordi-
nated tradeoffs among plant functional traits which promote %
WP; and, finally, that projected global changes might affect the
C sequestration potential of tropical tree species in montane and
lowland regions differently, based on shifts in major environmen-
tal constraints on NPP and %WP across altitudinal gradients.

Materials and Methods

Study design and site characterization

To identify relationships between environmental factors and
mechanisms driving C allocation in tropical forests, we compiled
a database of 105 pantropical forest sites using the ISI Web of
Knowledge search engine and other online resources, searching
for the following terms and combinations thereof: tropical, forest,
litterfall, canopy production, tree increment, wood production,
root production, root turnover, net primary production, gross
primary production and carbon allocation (see Supporting
Information Table S1 for database). Annual fluxes of dry mass as
presented by some studies were converted to mass C by assuming
that C concentration of vegetation was, on average, 50%
(Clark et al., 2001b). We incorporated only data from old-
growth wet and moist evergreen tropical forests without recent
disturbance for which both plot-based litterfall (as surrogate for
canopy production) and above-ground biomass increment (as
surrogate for wood production) were reported. Mangrove forests,
dry tropical forests, tropical deciduous forests and secondary
tropical forests, which together comprise c. 50% of total tropical
forest land area (http://www.fao.org/docrep/k0050e/k0050e03.
htm 4), were excluded from this analysis.

Litterfall comprises the largest portion of canopy production,
which is sampled by litterfall traps and transects; only studies
extending over at least 1 yr with at least monthly collection inter-
vals were included in our database. Large leaves (> 50 cm in
length) and branches (coarse litterfall > 2 cm in diameter) are
rarely measured and therefore were not included here. Fine litter-
fall (< 2 cm in diameter) generally comprises leaves, reproductive
structures, small twigs and other fine materials (Clark et al.,
2001a). Other components of canopy production are rarely
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studied, including branch production, losses to herbivores, vola-
tile organic compounds and decomposition of litter trapped in
the canopy or in litterfall traps. The contribution of these compo-
nents is usually small, with the exception of branch production
and branchfall, but given the scarcity of branchfall data, we did
not correct for this.

Wood production is assessed as tree girth increment at breast
height (c. 1.3 m) measured over intervals ranging from monthly
to 5-yearly using tree girth tapes or with dendrometer bands. Al-
lometric equations were applied to relate the increment in diame-
ter at breast height (DBH), tree height (H) and wood density
(WD) to above-ground biomass increment. A range of different
allometric equations were used by the compiled studies, based on
DBH2, DBH2

9H, DBH2
9WD or DBH2

9H9WD. We
did not correct for these differences in allometric equations used
for the 105 study sites, as raw data for individual trees (species,
DBH, H, WD) are commonly not reported or available.

The final dataset comprised 43 montane and 62 lowland for-
ests (Fig. 1; Table S1) according to a threshold elevation of
1000 m above sea level (asl) (sensu Holdridge et al., 1971). The
geographical coverage by continent was highest for South and
Central America (62 sites), and decreased towards South and East
Asia (26), Hawaii (12), Africa (3) and Australia (2). Climate data
(i.e., MAT, MAP, DSL) were derived from the respective papers
or, if not presented, from online resources such as the Climatic
Research Unit databases (http://www.cru.uea.ac.uk) and
WorldClim global climate data (http://www.worldclim.org).
DSL is defined as the number of months during which rainfall is
> 100 mm. CLD was retrieved from the IPCC-data distribution
center using 0.5° resolution datasets during the period 1961–
1990 (CRU TS2.1) provided by the Climatic Research Unit
(CRU; http://www.cru.uea.ac.uk/).

Moreover, we searched for site-matched data on soil total N
and P, litter N and P and foliar N and P to compute respective
N : P ratios for soil (soil N : P), litter (litter N : P) and leaves
(foliar N : P). Stand-level data on litter and leaf N : P were either
reported, or we calculated this as the mean of species-specific val-
ues (usually > 5 to up to > 50 species were reported). Soil data
were derived from soil samples taken between 0 and 30 cm
excluding surface litter, and where necessary were calculated as a
weighted mean for 0–30 cm soil depth. Soil types comprised
many organic soils in montane tropical forests and mainly min-
eral soils in lowland sites (Table S1). Soil total N and P are much
higher in organic soils than in mineral soils, and the contribution

of organic horizons to topsoil increases with elevation as a result
of decreasing decomposition rates. We therefore refrained from
using soil total N or soil P as proxies for N or P availability.
Instead, we used soil N : P (litter N : P, foliar N : P) as an indica-
tor of soil P relative to N availability as soil N : P ratios are rela-
tively independent of soil N or P concentration (Xu et al., 2012) 5.
High soil N : P ratios as found in highly weathered soils might
therefore be used as indicators of P limitation in such environ-
ments (Yang & Post, 2011). Final site coverages for climate data
were 100% for MAT, MAP and DSL, 96% for CLD, 82% for
soil N : P, 68% for litter N : P, and 51% for foliar N : P. Root
production data were only available for 40 out of 105 sites.

Statistical design and data analysis

All statistical analyses were performed using R (R Development
Core Team, 2012) 6. Data distributions were analyzed for normal-
ity and nonnormal data were log-transformed or rank-trans-
formed to attain normality. Before further analysis, we removed
outliers, defined as data that were beyond three SD of the mean,
from the dataset. Residuals of linear regression analyses were ana-
lyzed for normality, and data with leverage and influence incon-
sistent with the full dataset were identified and removed. To
describe patterns in the available data and discern potentially
responsible drivers, we used three complementary statistical
approaches. To investigate drivers of NPP partitioning to WP we
used linear regressions as well as partial linear regressions and
their residuals. Classification and regression tree (CART) analyses
were conducted to indicate the relative importance among envi-
ronmental controls on %WP. Finally, we computed structural
equation models (SEMs) to investigate pathways of interrelated
environmental controls on %WP.

Linear regressions were computed to test for dependencies
between NPP components (Fig. S1) as well as above-ground
NPP (ANPP) components (Fig. 2), that is, canopy production
(CP), wood production (WP), root production (RP) and parti-
tioning to WP (%WP). We moreover used linear regression
models to investigate the effects of climatic variables, that is
MAT, MAP, DSL and CLD (Fig. 3), as well as the various N : P
ratios (Fig. 4), on tropical ANPP, CP, WP and %WP. Climate
variables were standardized to allow direct comparison of respec-
tive effects on ANPP components and %WP. The standardized
variables are dimensionless with a mean of zero and an SD of
one. Thus, coefficients in simple and multiple regressions with

Fig. 1 Geographic locations of tropical study
sites (fully described in Table S1). Blue
triangles, montane tropical rainforests
(> 1000m above sea level (asl)); red circles,
lowland tropical rainforests (< 1000m asl).
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standardized variables indicate the respective contributions to the
variation in ANPP and %WP in terms of a relative unit change.
Residuals of the most significant predictor in multiple regressions
were used to test for independent effects of interrelated significant
variables on %WP (Table S2).

Classification and regression tree (CART) analysis was used to
determine the relative importance of predictors in explaining var-
iation in the response variable. This method is especially suited
for handling unbalanced data, including missing values (De’ath
& Fabricius, 2000). Moreover, CART is capable of handling
higher-order interactions among variables such as effects of nutri-
ent–climate interactions (Townsend et al., 2011). Based on the
assumptions by Cleveland et al. (2011) and given that across the
whole data set MAT had the strongest effect on tropical forest
production, we used CART to dissect the pantropical data set
into lowland and montane forest sites and investigated the envi-
ronmental factors controlling ANPP and %WP in both forest
types (Fig. 5).

Structural equation modeling is a multivariate statistical tool
using the covariance among variables to build and test models
with specific multistep pathways of influence on one or more
final response variables. This technique goes beyond standard
multiple regression approaches by elucidating the interaction of
variables related to the process of interest (Fox, 2006). As a first
step, we developed a conceptual base model (Fig. S2) involving
all variables that might be causally related to one another and to
the response variables. For this, we included the climate variables
MAT, MAP, DSL and CLD as exogenous factors, as well as
ratios of soil N : P, litter N : P and foliar N : P as endogenous fac-
tors; both sets of variables were reasoned to directly and indirectly
affect the response variables ANPP and %WP. To cope with
missing values and thus changing total numbers of observations
in the full pantropical data set (Table S1), we had to evaluate dif-
ferent base models. The full model, including all environmental
variables, had the lowest number of observations (n = 38). The

climate-only model, including the variables MAP, MAT, DSL
and CLD, was based on the largest data set (n = 101). The graph-
ical model representations show the respective variables (boxes),
with respective causal and directional connections between vari-
ables (arrows). Arrow length does not indicate the strength of the
connection, but each path has a (standardized) path coefficient,
which represents the slope of that relationship in a multivariate
context. The overall goodness of fit is indicated by a v2 statistic
and corresponding P-values, where a high P-value represents a
good fit between the model and the data. Model optimization
was an iterative process analogous to stepwise multiple regression.
Insignificant paths were removed from the base model in a step-
wise manner, aiming at improvement of the overall model fit (see
Colman & Schimel, 2013). To compare alternative models and
determine the most parsimonious model, we used Akaike’s infor-
mation criterion (AIC; Burnham et al., 2011), arriving at a final
model including the variables MAP, MAT, DSL, and soil N : P
ratio (n = 86; Fig. 6).

Uncertainty and robustness of the environment–ANPP
relationships

We expect relatively low uncertainty in the litterfall data, as very
similar methodology was used at all sites (litter traps had 0.25–
1 m2 area, were replicated five to 20 times in each forest type/site,
with collection intervals of 2–4 wk over at least 1 yr). Measure-
ments of tree girth and increment are also not expected to cause
large uncertainty; however, the use of different allometric models
(most studies used DBH-only based models, some DBH9WD,
the fewest DBH9H9WD) adds the highest degree of bias and
uncertainty in studies of forest biomass and wood production (see
Chave et al., 2005). The use of a recently published pantropical
allometric model (Chave et al., 2014) could greatly narrow this
uncertainty, but inaccessibility of the raw data on species affilia-
tions, DBH, H and WD, obviated this approach. Another

Fig. 2 Relationship 7; 15of canopy production
(CP) and wood production (WP), as well as
respective partitioning of above-ground net
primary production (ANPP) to canopy
production (%CP) and wood production
(%WP) in relation to ANPP. Blue triangles,
montane tropical rainforests (> 1000m
above sea level (asl)); red circles, lowland
tropical rainforests (< 1000m asl).
Corresponding regression significance levels
are indicated by asterisks (***, P < 0.001;
**, P < 0.01; *, P < 0.05; ns, not significant).
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uncertainty in the pantropical dataset derives from the fact that
in some tropical forests litterfall and wood increment were not
measured over the same period of time, and for some sites mea-
surements differed by up to 10 yr. Taken together, these errors
cause a substantial increase in the uncertainty of data on wood
increment relative to litterfall data; we suggest therefore that
any uncovered significant environment–productivity relationship

across tropical forest sites can be considered robust. Moreover,
we want to point out that environment–ANPP and environ-
ment–%WP relationships as reported here, based on sites
where both litterfall and wood increment were reported, can
be expected to be more reliable compared with the many
studies where only one component of ANPP was measured and
missing components were extrapolated from mathematical

Fig. 3 Relationships of above-ground net primary production (ANPP) and ANPP partitioning to wood production (%WP, as a percentage of ANPP) to
major climatic drivers, that is, mean annual temperature (MAT), mean annual precipitation (MAP), dry season length (DSL) and cloud cover (CLD). Blue
triangles, montane tropical rainforests (> 1000m above sea level (asl)); red circles, lowland tropical rainforests (< 1000m asl). Corresponding regression
significance levels are indicated by asterisks (***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not significant). See Table S1 for details on respective study sites.

Fig. 4 Relationships of above-ground net primary production (ANPP) and ANPP partitioning to wood production (%WP, as a percentage of ANPP) to 16

nitrogen : phosphorus (N : P) ratios of leaves (foliar N : P), litter (litter N : P), and soil (soil N : P). Blue triangles, montane tropical rainforests (> 1000m above
sea level (asl)); red circles, lowland tropical rainforests (< 1000m asl). Corresponding regression significance levels are indicated by asterisks (***, P < 0.001;
**, P < 0.01; *, P < 0.05; ns, not significant). See Table S1 for details on respective study sites.
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relationships to the measured component (see Shoo &
VanDerWal, 2008)9 .

Results

We found that in the full dataset (n = 105) both components of
ANPP (i.e., CP and WP) increased with ANPP (Fig. 2). How-
ever, compared with CP, WP showed a steeper increase with

ANPP, such that ANPP partitioning to WP (%WP) increased
while that to CP (%CP) decreased with productivity (Fig. 2).

We further analyzed a subset (n = 40) of tropical forest sites,
where data on ANPP and root production (RP) were available, to
evaluate the partitioning of NPP to canopy, wood and root pro-
duction, and similarly found that all components of NPP (i.e.,
CP, WP, and RP) increased with productivity (Fig. S1). How-
ever, NPP partitioning to CP (%CP), WP (%WP) and RP (%
RP) showed no significant relationship with productivity; that is,
we found no evidence of changes in NPP partitioning with
increasing productivity in the smaller dataset (Fig. S1). In the
smaller dataset, we also did not observe the increase in %WP
with ANPP that we found in the large dataset (data not shown).

Mechanisms driving ANPP partitioning to WP in tropical
forests

Testing predictors of ANPP revealed that MAT most strongly
affected ANPP (R2 = 0.35, P < 0.001) followed by soil N : P
(R2 = 0.11, P < 0.01) and DSL (R2 = 0.04, P < 0.05) (Table S2).
Testing predictors of ANPP partitioning showed that %WP was
affected by ANPP (R2 = 0.28, P < 0.001), as well as by MAT
(R2 = 0.16, P < 0.001), DSL (R2 = 0.09, P < 0.01), MAP
(R2 = 0.05, P < 0.05) and nearly so by soil N : P (R2 = 0.04,
P = 0.052). Furthermore, we found significant effects of MAP
(R2 = 0.05, P < 0.05) and DSL (R2 = 0.05, P < 0.05) on the resid-
uals of the ANPP–%WP relationship, which are therefore inde-
pendent of ANPP effects on %WP. In turn, we found significant
effects of ANPP on the residuals of the environment–%WP rela-
tionships (R2 = 0.10–0.32, P < 0.001), including MAT, MAP,
DSL and soil N : P, which are therefore independent of environ-
mental effects on %WP (Table S2). Overall, this indicated that
there must exist multiple independent but parallel pathways of
control on the partitioning of ANPP to WP.

We therefore computed a CART analysis to determine the rela-
tive importance of the predictors (MAT, MAP, DSL, CLD and
soil N : P ratio) in explaining the variation in the response variable
(%WP; Fig. 5). We found that MAT was the most important pre-
dictor (R2 = 0.16, P < 0.001), followed by DSL (R2 = 0.09,
P < 0.01) in tropical rainforests with MAT < 20.4°C, and MAP
(R2 = 0.05, P < 0.05) in tropical rainforests with MAT > 20.4°C.
CART therefore dissected the data set into cool (< 20.4°C) and
warm (> 20.4°C) tropical forest sites. This dissection is in good
agreement with the classification threshold of lowland forests
(< 1000m asl, n = 62) and montane forests (> 1000m asl,
n = 43), with a misclassification of only five out of 105 (< 5%)
tropical forest sites (Table S1). Furthermore, this indicated that %
WP was affected by MAT, MAP, and DSL (Fig. 3; Table S2).
While MAT increased %WP across all forest sites, MAP increased
%WP in lowland but not montane sites, and DSL increased %
WP in montane but not lowland sites (Fig. 5).

Computation of a series of SEMs finally provided an insight
into the effects of simultaneous and interactive environmental
drivers on the partitioning of ANPP to WP (Fig. 6). The most
parsimonious model (AIC = 30.81, v2 = 4.81, P = 0.78) revealed
two pathways of control on %WP (R2 = 0.36, P < 0.001). First,

Fig. 5 Classification and regression tree (CART) analysis indicating how the
major environmental controls, mean annual temperature (MAT), mean
annual precipitation (MAP), and dry season length (DSL), explain variance
in above-ground net primary production partitioning to wood production
(%WP) in tropical rainforests. Predictor variables are depicted at each
branch and coefficients of determination and corresponding significance
levels are indicated by asterisks (***, P < 0.001; **, P < 0.01; *, P < 0.05;
ns, not significant) as well as the number of observations reported below.
MAT was the most important predictor of %WP, followed by DSL in
montane sites (MAT < 20.4°C, n = 38; blue branch) and MAP in lowland
sites (MAT > 20.4°C; n = 67; red branch). See Table S1 for details of
respective study site.

Fig. 6 Structural equation model (SEM) indicating pathways of influence
among environmental drivers (mean annual temperature (MAT), mean
annual precipitation (MAP), dry season length (DSL) and soil
nitrogen : phosphorus (N : P) ratio) on above-ground net primary
production (ANPP) and ANPP partitioning to wood production (%WP) in
tropical rainforests. Arrow width indicates effect strength, and numbers
are standardized path coefficients with corresponding significance levels
indicated by asterisks (***, P < 0.001). 8The overall goodness of fit of the
model is indicated by the v2 statistic and corresponding P-values, where a
high P-value (P > 0.05) represents little difference between the model
and the data. Akaike’s information criterion (AIC) was used to compare
alternative models and determine the most parsimonious model.
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MAT and soil N : P positively affected %WP but indirectly
through stimulating ANPP (r = 0.43, P < 0.001), such that %
WP increased with productivity. MAT most strongly increased
ANPP (r = 0.55, P < 0.001), while soil N : P negatively affected
ANPP (r =�0.25, P < 0.001), indicating a positive effect of soil
phosphorus relative to nitrogen content on forest productivity
and %WP. Secondly, DSL and MAP did not affect ANPP but
showed a direct positive effect on the partitioning of ANPP to
WP (r = 0.29–0.32, P < 0.001), indicating an independent and
direct pathway driving %WP in response to DSL and MAP. The
fact that the coefficients of determination were almost identical
for the indirect (R2 = 0.19, P < 0.001) as well as the direct path-
way (R2 = 0.19, P < 0.001) furthermore highlights that both
mechanisms contribute similarly (Fig. 6).

Discussion

Based on an SEM investigating 105 pantropical old-growth for-
ests, we show that carbon allocation is controlled by two indepen-
dent pathways involving multiple environmental variables. While
in our model, the first pathway represents indirect environmental
controls on the partitioning of ANPP to WP (%WP), the second
pathway represents direct environmental controls on %WP. Our
results for tropical forests are in line with theoretical C allocation
strategies (Franklin et al., 2012) and a recently proposed C alloca-
tion scheme for global forests (Chen et al., 2013). The novelty of
our approach, however, is that it clearly differentiates between
direct and indirect environmental controls on %WP. In the fol-
lowing sections we therefore differentiate between these indepen-
dent mechanisms, discuss each with regard to respective
environmental drivers and conclude with implications of our
findings for tropical C sequestration.

Environmental controls on wood partitioning in tropical
forests

Given the few data available on tropical forest GPP (n = 10;
Chen et al., 2013) and the limited number of tropical forest sites
for which data on ANPP and below-ground production are avail-
able, we investigated the environmental controls on %WP at two
levels: on the basis of NPP data (n = 40) as well as ANPP data
(n = 105).

In the smaller data set on tropical forest NPP, we found strong
allometric constraints on component NPP fluxes (i.e. CP, WP,
and RP increased with NPP10 ). However, we did not find tradeoffs
in the partitioning among NPP components; that is, %WP, %
CP and %RP did not change with NPP and %WP did not
increase with ANPP in this dataset (Fig. S1).

In the larger dataset on tropical ANPP, we did identify a trade-
off between ANPP components, such that along the pantropical
gradient of productivity, the partitioning to wood biomass (%
WP) increased with ANPP (Fig. 2), similar to what was shown
for global forests (Litton et al., 2007). In agreement with this, a
recent study investigating the biomass production efficiency of
global forests reported that the fraction of carbon allocated to
wood production increased threefold with increasing nutrient

availability, while foliage and root production remained
unchanged (Vicca et al., 2012). This suggests that in more pro-
ductive forests with high nutrient and water availability and high
MAT, a greater proportion of NPP (and ANPP) is allocated to
wood production, reflecting our findings of increased %WP in
lowland than in montane forests (Fig. 2).

This result was mirrored by the first pathway of the SEM that
indicated indirect environmental controls of MAT and soil N : P
on %WP by promoting ANPP (Fig. 6). While MAT was
reported as the strongest predictor of NPP across tropical rainfor-
ests (Raich et al., 2006), a recent synthesis indicated that this rela-
tionship was driven by distinct temperature differences between
low productive montane and high productive lowland forests
(Cleveland et al., 2011). However, within tropical lowland for-
ests, soil-based measures of phosphorus were the only variables
explaining a significant proportion of the variation in ANPP
(Cleveland et al., 2011). In agreement with this, the SEM in this
study indicated positive effects of MAT and relative soil P avail-
ability (i.e. the inverse of soil N : P ratio) on ANPP along the
pantropical gradient in forest productivity (Fig. 6). It is, however,
likely that increased vegetation density in high productive forests
triggers increased competition for limiting resources. For
instance, it was shown that crowded plants adapt their growth
strategy by allocating a greater proportion of biomass to competi-
tive structures such as stems as a consequence of light limitation
(Weiner, 2004) 11. This has also been termed the ‘race for light’ in
forests (Wolf et al., 2011), driving NPP allocation towards stem
height growth (instead of leaf area production) to maximize
exposure of the leaf area to more favorable light conditions.
Moreover, limitations by soil water and/or nutrient availability
were reported to be lower in highly productive forests, stocking
on soils rich in nutrients and moisture, thus essentially decreasing
relative investments into roots to capture below-ground resources
(McMurtrie & Dewar, 2013). As a result of the fact that plants
will allocate relatively more biomass in response to the most lim-
iting factor for growth, this would be seen as increased relative
investment into above-ground structures, mainly woody biomass
(Poorter et al., 2011). Hence, we suggest that the pattern of indi-
rect controls on %WP identified in the SEM could result from
the observation that increasing forest productivity simultaneously
increases competition for light, causing tree height and tree diam-
eter growth and therefore %WP to increase (Lewis & Tanner,
2000).

The second, direct pathway of environmental controls on %
WP, through MAP and DSL, points to direct tradeoffs between
WP and CP (or between WP and RP) in response to proximate
environmental drivers, independent of constraints by forest pro-
ductivity (Fig. 6). Although both MAP and DSL represent mea-
sures of forest water availability, which are commonly inversely
related, our model indicated that both MAP and DSL had a
positive effect on %WP (see SEM analysis in Fig. 6). This was
because, in lowland forests, %WP increased with MAP, while in
montane forests, %WP increased with DSL (see CART analysis
in Fig. 5; Table S2), explaining that DSL and MAP, though act-
ing adversely on forest water relations, both had positive effects
on %WP across all forest sites in the SEM analysis. We suggest
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that this direct pathway of environmental controls on %WP
could be associated with tradeoffs along the plant economics
spectrum and thus relates to the cost-effectiveness of investments
into stem, leaf and root tissues, independent of productivity.

Leaf investment strategies were shown to vary from cheap,
short-lived to well protected, long-lived leaves, trading off carbon
gain against leaf persistence (Poorter & Bongers, 2006). In gen-
eral, increasing MAP should increase stand-level leaf longevity as
a result of decreasing prominence of deciduous tree species, in
turn promoting evergreen broadleaved tropical trees. Further-
more, it was shown that increasing MAP triggered coordinated
changes in physiological traits of tropical canopy trees, such that
the longevity of leaves increased in lowland tropical rainforests
(Santiago et al., 2004). Given that the leaf area index of tropical
lowland rainforests does not change significantly with MAP
(Asner et al., 2003), greater leaf longevity translates into smaller
investments into canopy production relative to wood production
and therefore into an increase in %WP, although this might be
offset by greater leaf mass per area in long-lived leaves. Our find-
ing of increasing %WP with MAP in lowland forests therefore
points to a tradeoff between CP and WP mediated by concerted
changes along community-wide means of the leaf economics
spectrum.

Wood investment strategies are also expected to change along
the plant economics spectrum in order to maximize plant
hydraulic safety with increasing drought frequency and intensity.
Wood traits affect the hydraulic conductance and thus represent
important components affecting the performance and life-history
strategy of tropical trees (Poorter et al., 2009). For instance,
opportunistic species are characterized by low wood density,
reduced leaf dry mass per area, and high hydraulic conductivity
in order to maintain high photosynthetic rates that enhance car-
bon gain and boost vertical growth (Poorter & Bongers, 2006).
However, such cheap volumetric stem construction represents
less structural support, and thus low wood density is often associ-
ated with higher mortality rates (Chave et al., 2009). As a result,
drought-intolerant species, because of high hydraulic efficiency
but low hydraulic safety, are restricted to habitats that have high
water availability, whereas drought-tolerant species, because of
high hydraulic safety, are better competitors in drier habitats
(Markesteijn et al., 2011). In reverse, increased hydraulic safety is
associated with higher wood density, lower hydraulic conductiv-
ity and therefore less leaf area per area of stem conducting tissue
(Markesteijn et al., 2011). All these trends cause %WP to increase
and %CP to decrease when increasing DSL enhances commu-
nity-wide degrees of hydraulic safety. A recent synthesis of an
African long-term forest inventory indicated the importance of
species composition in determining the response of tropical for-
ests to long-term droughts (Fauset et al., 2012). In the two
decades of drought, species increasing in abundance showed sig-
nificant differences in traits compared with those decreasing in
abundance, such that a shift in community composition in favor
of drought-tolerant species was in conjunction with an increase
in forest biomass, pointing to increased C allocation to wood
production. Our finding of increasing %WP with DSL in mon-
tane forests therefore points to a tradeoff between plant traits that

maximize water conservation and hydraulic safety along commu-
nity-wide means of the stem (plant) economics spectrum. Over-
all, the effects of MAP and DSL on %WP, driving changes in the
relative investments into leaves, stems or roots, may therefore be
reconciled on the basis of community-wide shifts along the plant
(leaf, stem, and root) economics spectrum in the long run.

Implications for tropical biogeochemistry and ecosystem
functioning

Our analysis provided new insights into patterns and mechanisms
driving C allocation in tropical rainforests by identifying inde-
pendent pathways of environmental controls on %WP. The
expression of the different pathways will, however, strongly
depend on the functional plasticity of the present species in the
short term as well as on species turnover, depending on species
migration and dispersal abilities in the long term. Understanding
the patterns and mechanisms driving C allocation are key for the
parameterization of global vegetation models in order to accu-
rately predict changes in C sequestration of tropical and global
forests in response to environmental change.

The pattern of enhanced %WP along tropical gradients in for-
est productivity that we found in this study supports the global
relationship reported by Litton et al. (2007) and suggests greater
C sequestration in wood biomass in more productive lowland
than in montane tropical rainforests. Our results further imply
that predicted increases in temperature and dry season length
could potentially increase %WP and thus C sequestration in
montane tropical forests. By contrast, in lowland tropical forests
that were reported to thrive close to their thermal optimum
(Doughty & Goulden, 2008; Corlett, 2011; Clark et al., 2013),
%WP is more likely to respond neutrally or negatively to increas-
ing temperatures. Decreases in annual precipitation (or increases
in heavy precipitation with prolonged intermittent dry periods)
could therefore decrease %WP in lowland rainforests, causing C
sequestration to decrease. However, this effect could be partially
alleviated by drought-induced shifts in the functional composi-
tion of tropical rainforest trees, favoring drought-tolerant species
over less competitive opportunistic species in conjunction with a
shift in community-wide functional traits that promote %WP
and thus C sequestration.

In conclusion, our analysis demonstrated the complex inter-
play of direct and indirect environmental drivers controlling
tropical C allocation that eventually determine the potential
responses of tropical forest C sequestration to environmental
changes. Albeit that further long-term and local measurements of
forest productivity as well as manipulative experiments are
urgently needed to allow implementation of the right causalities
(Fatichi et al., 2013), our study provides a novel framework to
disentangle interrelated pathways among environmental drivers
controlling the C sink strength of tropical forest ecosystems.
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Abstract Bulk precipitation and throughfall were

collected in a wet lowland rainforest in SW Costa

Rica on an event basis to allow modelling the

contributions of dry deposition and canopy exchange

to nutrient inputs and internal cycling of nutrients.

Estimates based on bulk precipitation underestimated

total atmospheric deposition to tropical rainforests by

up to 10-fold ignoring the contributions of dry

deposition. Canopy exchange contributed most of

the aboveground inputs to the forest soil of Na?,

about half for K?, 10% for P and Mg2? and

negligible for N, C and other elements. Tree species

composition did not account for the differences found

in net throughfall between forest sites, and vegetation

structure (plant area index) had only a small effect on

net throughfall. Forest regrowth affected net through-

fall through reduced soil fertility and differences in

leaf traits. Topography most significantly affected net

throughfall via increased dry deposition at sites of

higher elevation and via soil fertility and increased

canopy exchange at down slope sites.

Keywords Canopy exchange � Dry deposition �
Nutrient cycling � Secondary succession �
Topography

Introduction

Tropical forests are of global significance to climate

because of their ability to alter the global water and

carbon cycles through the exchange of energy, water

and trace gases (Beringer et al. 2002; Fisch et al.

2004). They contribute significantly to the world’s

carbon budget (Clark et al. 2001a), accounting for

32–36% of terrestrial net primary production (Field

et al. 1998; Melillo et al. 1993), and about 59% of the

global carbon pool in forests is stored in tropical

regions (Dixon 1994). Net primary production (NPP)

of tropical forests is strongly controlled by climate

(temperature, precipitation) (Schuur 2003). This

general pattern is modified by two other factors, soil

fertility and dry season length. Both have been shown

to affect tree species composition, aboveground

biomass and wood density across regional scales,

e.g. across the Amazon basin, while NPP was only

related to soil nutrient availability (Baker et al.

2004a, b; Malhi et al. 2004; ter Steege et al. 2006).

Moreover, nutrient limitation of forest NPP has been

conclusively demonstrated in Hawaii across wide
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climatic gradients (precipitation, altitude and/or tem-

perature) but also along substrate age gradients

ranging from 100s to millions of years (Harrington

et al. 2001; Martinelli 2004; Vitousek 2004). Nutri-

ents are therefore a key determinant of forest

productivity and of the functioning of tropical

rainforests in the global carbon cycle. To understand

current and future responses of tropical rainforests to

global changes, external nutrient inputs, losses and

internal cycling processes of nutrients have to be

better quantified and understood.

In order to sustain high NPP there must be a

relatively closed cycling of nutrients, since tropical

soils are often highly weathered and thus are poor in

nutrients. Continuous losses of nutrients from the

system would lead to further nutrient depletion if not

replenished by atmospheric deposition, weathering

and N fixation (Vitousek 1984). While atmospheric

deposition represents the sum of wet and dry depo-

sition (and occult deposition from fog and clouds),

most if not all studies in tropical forests have assessed

atmospheric nutrient inputs only via bulk precipita-

tion—the inputs by dry deposition being largely

unknown. Nutrients are recycled via production and

decomposition of dead plant material in litterfall and

root turnover and through dissolution of elements in

throughfall and stemflow. The contribution of root

turnover and decay to internal nutrient cycling is

almost unknown in tropical rainforests (Tobón et al.

2004a). In contrast, nutrient fluxes in litterfall and

throughfall are relatively easy to measure and studies

have produced a good general understanding of the

relative roles of litterfall and throughfall. For instance,

it was shown that the production of fine (and coarse)

litter represents the major source of aboveground

input of nutrients (e.g. N, P, Ca2?) in tropical forests,

while throughfall can account for up to 50% of the

input of K? and other elements to the forest floor.

Throughfall may therefore potentially comprise an

important pathway for the internal recycling of

nutrients aboveground (Chuyong et al. 2004; Schroth

et al. 2001; Tobón et al. 2004b). It is, however, highly

problematic to compare litterfall and throughfall

directly in terms of internal nutrient cycling processes

since external inputs and internal recycling processes

contribute to throughfall fluxes. Elements in through-

fall derive from three processes (Chapin et al. 2002;

Hansen et al. 1994; Lovett and Lindberg 1984; Lovett

et al. 1996; Parker 1983):

(1) Passage of incident precipitation through the

canopy (wet or bulk precipitation),

(2) Wash-off of dry deposited materials such as

particles and adsorbed gases (‘‘dry deposition’’),

and

(3) Solute exchange between intercepted rainfall

and canopy surfaces like foliage, woody parts,

epiphytes and microorganisms (‘‘canopy

exchange’’).

Net throughfall corrects for bulk precipitation, but

represents a mixture of dry deposition (2) and canopy

exchange (3). It is therefore of great importance to

differentiate their contributions to throughfall to

allow comparisons between litterfall and canopy

exchange as internal recycling processes, to investi-

gate landscape scale controls on canopy exchange

and dry deposition and to assess the significance of

dry deposition for atmospheric deposition in tropical

forests.

There have been several attempts to dissect the

contribution of dry deposition and canopy exchange

to throughfall chemistry, most thereof based on the

canopy budget model (Staelens et al. 2008) and the

multiple regression model (Lovett and Lindberg

1984; Lovett et al. 1996). In the canopy budget

model dry deposition of base cations is estimated by a

‘filtering approach’ which is based on the assumption

that aerosols containing K?, Ca2?, and Mg2? are

deposited equally onto the forest canopy as particles

containing a tracer ion. Generally, Na? is used as a

tracer ion because it is only deposited by particles and

is assumed not to be affected by canopy exchange

processes. However, Na? has been shown to be

leached from mangrove canopies (Wanek et al. 2007)

or to be taken up in canopies of tropical lowland

rainforests (Tobón et al. 2004b). Moreover, several

assumptions with unconstrained parameters are nec-

essary to compute canopy exchange and dry deposi-

tion of NH4
?, NO3

- and H? (Staelens et al. 2008).

The multiple regression model is based on the finding

that net throughfall fluxes of dissolved nutrients are

highly correlated with (i) the amount, duration and

intensity of precipitation penetrating the canopy

(positively related to canopy exchange) and (ii) the

length of antecedent dry period being positively

related to dry deposition (Lovett and Lindberg 1984;

Lovett et al. 1996). A bias in this multiple regression

model may arise as dry deposition can be
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underestimated due to incomplete wash-off from

canopy surfaces or overestimated through accumu-

lated material in throughfall samplers during dry

periods.

For temperate and boreal forests it was shown that

throughfall chemistry mainly depends on factors like

latitude, elevation, seasonality, proximity to the sea,

species composition, forest age and local land use

(Levia and Frost 2006; Parker 1983). In tropical

rainforests the mechanistic understanding of through-

fall hydrochemistry is much less developed, though

effects of season, soil fertility, vegetation cover, tree

species and vicinity to the sea were reported to affect

dry deposition and canopy exchange of elements

(Filoso et al. 1999; Schroth et al. 2001; Tobón et al.

2004b; Wanek et al. 2007, 2008).

Therefore this study investigated the following

research questions:

(1) What are the major landscape scale controls of

nutrient fluxes via net throughfall?

a. season, topography and stage of succession

b. plant (leaf) area index and tree species

composition

(2) What is the magnitude of internal nutrient

cycling via litterfall and canopy exchange?

(3) What is the contribution of dry deposition to

external nutrient inputs by atmospheric

deposition?

There is a particular gap in studies of net primary

production and nutrient cycling (litterfall and

throughfall) in areas of high precipitation and tem-

perature, where forest net primary production was

reported to decline (Schuur 2003). Moreover, most

studies in high rainfall tropical rainforests were

performed on nutrient poor Oxisols not on more

fertile soils such as Inceptisols and Ultisols. This

study was carried out in the Esquinas forest, Parque

National Piedras Blancas, in SW Costa Rica. The

study site is of particular interest for investigations on

biogeochemistry, because forests are growing on

nutrient rich Ultisols and Inceptisols due to ongoing

tectonic land lift and moderate erosion (Gardner et al.

1992; Weissenhofer et al. 2008), tree diversity is high

(140–210 spp.[10 cm dbh per hectare), mean annual

precipitation (MAP) is[5800 mm and mean annual

temperature (MAT) is about 28�C, representing a

tropical wet lowland rainforest climate.

Material and methods

Study area

The study was conducted at the Tropical Research

Station La Gamba (TRSLG; 8�4200300 N,
83�1200600 W, 70 m.a.s.l.) situated at the borders of

the Piedras Blancas National Park, covering an area

of approximately 148 km2, reaching from the Golfo

Dulce’s seashore to the village of La Gamba, in the

province Puntarenas in the Southwest of Costa Rica.

The vegetation is characterized by wet tropical

lowland rainforest (Holdridge 1967) extending from

sea level up to 580 m altitude. Ultisols and Incepti-

sols are the major soil types typically found in the

region (Vasquez 1989). Ultisols are strongly acidic

and weathered soils, appearing especially on ridges

and upper slopes, and are replaced by the moderately

weathered, younger Inceptisols on lower slopes and

ravines (Pamperl 2001).

Mean annual temperature was 28.1�C and ranged

from 22.9 to 34.2�C on monthly average (Weber et al.

2001). Mean annual temperature inside the forest was

25.2�C, monthly averages ranging from 22.3 to 28�C,
and humidity was high (97.7%) throughout the year

(Weissenhofer 1996). Average annual bulk precipi-

tation was 5810 ± 430 mm (1998–2007, Tropical

Field Station La Gamba) with a short dry season from

January to March (monthly mean precipitation

approx. 180 mm), and a pronounced wet season from

September to November (monthly mean precipitation

about 800 mm).

Study design

Study plots where randomly established in three

different forest types: primary ridge (PRi;

8�4201600 N, 83�1202000 W, 120 m.a.s.l.), primary

ravine (PRa; 8�4201600 N, 83�1201500 W, 80 m.a.s.l.)

and secondary ravine (SRa; 8�4200100 N,
83�1200900 W, 80 m.a.s.l.) forest. Secondary stands

were formerly used as cacao plantations and for tree

logging but have remained undisturbed for over

20 years. Plots were set up in triplicate either as

squares of 20 9 20 m, separated by a distance of

[10 m and divided into subplots of 10 9 10 m each,

or as rectangles of 10 9 40 m subdivided into

subplots of 10 9 10 m and separated by 10–30 m

due to spatial restriction at the ridge site. Distance
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between sites was approximately 1.5 km and each

forest type was covered by 0.12 ha of survey area.

Inside these subplots all trees above 10 cm diameter

at breast height (dbh) were labelled and determined to

species level. In one of the four subplots trees

between 2.5 and 10 cm in dbh were labelled and

determined to species level. Herbarium specimens

were deposited in the National Herbarium at the

Museo Nacional (San Jose, Costa Rica) and at the

Biologiezentrum Linz (Upper Austria, Austria). A

photo-herbarium is available at the TRSLG.

The plant (leaf) area index (PAI) was estimated by

two techniques. (1) PAI within ±30� zenith angle

(total 60�) above each throughfall collector was

estimated by taking hemispherical photographs on

days of uniform overcast skies. A digital camera

(Nikon Coolpix 8100 with FC-E9 fisheye adaptor

lens 183�) was balanced horizontally and directed to

the geographic north. For evaluation of PAI we

employed the software Hemiview (Delta-T-Devices

1999) and Sidelook (Nobis 2005) using the following

parameters: solar transmission coefficients: transmis-

sivity 0.4, diffuse proportion 0.45, external solar flux

1370 W/m2; diffuse distribution: standard overcast

sky; picture settings: threshold 182, radiant 911,

rotation 0.0 (north) and magnetic declination 0.5 east.

(2) PAI was estimated by light absorbance through

the canopy using a SunScan probe v1.05 and the

Sunshine Sensor BF3 (Delta-T Ltd, U.K.).

Sampling design

Soil samples were taken in triplicate from 5 9 5 m

subplots situated in each plot. Samples were takenwith

a soil corer (8 cm diameter) to a depth of 5 cm after

removal of the litter layer. Soils were sieved through a

2 mm sieve. Soil water content was measured by oven

drying 5 g fresh weight of each sample at 80�C for

48 h. Nutrients were extracted from soil (2 g fresh

weight) by adding 15 ml 10 mM CaCl2, shaking for

1 h and filtering through ash-free filter paper (What-

man ashless, Grade 40: 8 lm pore size, Whatman

International Ltd. Maidstone, England). Extracts were

stabilized against microbial transformations by addi-

tion of phenyl mercuric acetate to 50 lM, and kept

frozen until transported to our laboratory in Vienna.

Soil bulk density was determined bymeasuring the dry

weights of three replicates of 10 9 10 9 10 cm soil

cubes from each plot.

Plots were equipped with collectors for litterfall

(10 per forest type), throughfall (15 per forest type),

stemflow (12 per forest type) and soil water (6 per

forest type). Litterfall samplers were made from fine-

mesh nylon (1 mm mesh size) mounted on

0.5 9 0.5 m PVC frames at 1 m height aboveground

and placed in ten of twelve subplots per forest site to

reduce sampling effort. Sampling of litterfall was

done every 2 weeks throughout the study period.

Litter samples were divided into two fractions: fine

leaf litter and residual litter (consisting of twigs,

reproductive material and fine unidentifiable mate-

rial). Sampling for hydrochemistry was performed on

an event basis (n = 30) from February to April and

August to October 2005 after every rainstorm.

Precipitation events below 5 mm were discarded in

consideration of minimum canopy interception stor-

age. Of the total 30 precipitation events collected, 12

were studied for solute concentrations and analyzed

by multiple regression model and canopy budget

model, and six were statistically investigated for

hydrochemical differences between rainy and dry

season. In this study we individually analyzed single

collector samples to assess the heterogeneity of

throughfall fluxes and its controls, and therefore did

not combine them to compound samples for each

event and plot. Bulk deposition samplers (n = 2)

were placed in an open area surrounding the TRSLG

to quantify the amount and chemistry of open

precipitation. They consisted of plastic (PVC) tubes

of 20.5 cm diameter and 100 cm length that were

fixed to two steel posts using cable ties. Polyethylene

bags (80 l, thickness 0.2 mm) were inserted and fixed

with rubber straps, the opening being at 1.5 m height

aboveground. The bags allowed rainwater collection

of up to 300 mm per event. Polyethylene bags were

displaced every month or when leaky or contami-

nated, and the first sampling event after renewal was

discarded. Generally bulk deposition includes a small

fraction of dry deposition. In this study the closure of

bulk precipitation samplers between sampling periods

reduced this small contribution of dry deposition to

bulk deposition samplers and bulk deposition there-

fore largely represents wet deposition. To avoid

contamination during and between sampling intervals

collectors for throughfall were covered with a wire

net (mesh width 10 mm) to keep litter and other

material off the traps. Between each sampling period

the collectors were kept closed with polyethylene
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caps to avoid unintended collection of rainwater,

accumulation of dry deposits and any contamination

when no samples were taken. Collectors were opened

every 3–7 days until a rainfall event occurred and

was collected. Otherwise the collectors were kept

closed. Throughfall collectors (n = 45) were set up

according to the design described for bulk deposition

collectors. Throughfall was sampled by placing the

collectors in the middle of every subplot and also in

the middle of each plot, so that every plot was

equipped with five traps. After each rainfall event the

total amount of water per collector was determined

volumetrically using measuring cylinders. Two types

of stemflow collectors (n = 36) were used for trees

with diameter at breast height (dbh) greater and

smaller than 10 cm. For trees \10 cm dbh 0.5 l

polyethylene bottles were longitudinally cut on one

side and mounted upside down around the stems.

Bottles were sealed to the stem by sanitary silicone

and connected to collection bottles (1–5 l, PE) using

silicone tubing. Trees with a diameter [10 cm dbh

were equipped with a flexible tubing (garden hose)

cut in half longitudinally and fixed tightly around the

tree trunks in a steeply sloped upward spiral in order

to avoid overflow. The tubing was stapled to the tree

trunk and silicone sealant was applied sealing the

collar to the trunk to avoid stemflow losses. Collec-

tion vessels (allowing up to 25 l of stemflow

sampling from large trees above 30 cm dbh) were

connected to the flexible tubes when sampling was

performed or disconnected between sampling events.

The first event of stemflow collection was discarded

to avoid contamination from injured bark and sani-

tary silicone. After each rainfall event total amount of

water per collector was determined volumetrically

using measuring cylinders. Soil water samples

(n = 9) were taken on an event basis using ceramic

soil suction tubes (USM tensiometers SKP-100)

positioned to 10 cm soil depth. Suction tubes were

connected to collector bottles that where evacuated

with a hand operated vacuum pump to a pressure of

40 kPa.

Directly after sample collection the pH was

measured in all water fractions at TRSLG using a

Sentron ArgusX pH meter (Sentron, Roden, Nether-

lands). Due to technical problems only four rainfall

events were measured for pH. From each collector

two sample aliquots (15 ml) were then transferred

into 20 ml HDPE vials and stabilized against

microbial transformation by addition of HgCl2
(30 lM end concentration, for TOC/TN analysis) or

Hg-Phenyl acetate (30 lM end concentration, for ion

chromatography) and stored at -20�C immediately

after collection.

Chemical analyses

The following chemical analyses were performed at

the Department of Chemical Ecology and Ecosystem

Research, University of Vienna, Austria: Inorganic

anions (Cl-, NO3
-, SO4

2-, HPO4
2-) and cations

(Na?, NH4
?, K?, Ca2?, Mg2?) were analysed by

HPLC (high pressure liquid chromatography, DX

500, Dionex, Vienna, Austria) and conductivity

detection. Anions were separated on an anion

exchange column (AS11, 4 9 250 mm, Dionex)

using a linear KOH gradient (2–30 mM in 6 min,

total run time 10 min). Cations were separated on a

cation exchange column (CS16, 5 9 250 mm, Dio-

nex) by an isocratic method with methanesulfonic

acid as eluent (30 mM methanesulfonic acid for

26 min and 40�C). Data analysis was conducted with

Chromeleon Version 6.70 Build 1820. NPOC (non-

purgeable organic carbon) and TDN (total dissolved

nitrogen) content of samples were determined using a

TOC-VCPH/CPN/TNM-1 analyzer (Shimadzu, Japan).

DON was calculated by subtracting DIN (dissolved

nitrate and ammonium) from measured TDN. The

respective details on analytical performance (e.g.

linearity, limit of quantification, precision) are pre-

sented in Supplementary Table 1.

Dried soil and litter samples were homogenized in

a ball mill (Retsch MM2000) and aliquots

(1.5–2.0 mg) were weighed into tin capsules for

analysis of total carbon and nitrogen content by

elemental analysis (EA 1110, CE Instruments). For

phosphorus and cation analysis litter samples were

first acid digested. Approximately 100 mg dried

samples were wet digested with 5 ml nitric acid-

perchloric acid mixture (HNO3:HClO3 4:1) (Kolmer

et al. 1951) in 25 ml glass flasks on a heating plate

where the temperature was increased stepwise to

250�C and the final temperature held until a small

residual volume was left in the glass flask. Samples

were cooled to room temperature, and filled to 25 ml

with high purity water. The digests were filtered and

total phosphorus measured by colorimetric analysis

using the phosphomolybdate blue method (Schinner
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et al. 1996) and cations (Na?, K?, Ca2?, Mg2?) by

atomic absorption spectrometry.

Calculations

Volume-weighted mean concentrations (VWM,

Eq. 1) of each sampling collector were used to

express solute concentration of throughfall and

rainfall during the study period and were calculated

as follows:

VWM ¼
Pn

i¼1 ðCi � ViÞPn
i¼1 Vi

ð1Þ

Annual nutrient fluxes were calculated by multipli-

cation of volume weighted mean values per trap with

the ratio of throughfall volume: bulk precipitation

volume of the respective trap during the sampling

period times annual precipitation volume. Through-

fall (Eq. 2) is the amount of open bulk precipitation

(BP) that is not retained by the vegetation but passes

the canopy layer and thus is altered in hydrochem-

istry due to canopy exchange (CE) and dry deposition

(DD):

TF ¼ BPþ CEþ DD ð2Þ

Net throughfall flux (Eq. 3) is defined as the differ-

ence between the solute flux in throughfall and in

bulk precipitation:

NTF ¼ TF� BP ¼ CEþ DD ð3Þ

To calculate the contribution of canopy exchange and

dry deposition to annual net throughfall fluxes we

computed and compared two different approaches i.e.

the multiple regression model (Lovett and Lindberg

1984) and the canopy budget model (Ulrich 1983).

Multiple regression model

The multiple regression model was proposed by

(Lovett and Lindberg 1984) for the separation of

canopy exchange and dry deposition components of

net throughfall based on event sampling (Eq. 4):

NTFx ¼ aþ b1 � Aþ b2 � P ð4Þ

In this regression equation factors b1 (dry period

constant) and b2 (bulk precipitation constant) repre-

sent coefficients of the calculated linear model for A

(antecedent dry period; in days) and P (magnitude of

precipitation; in mm) and a is the intercept term. A

negative canopy exchange coefficient (b2) indicates

uptake of the solute during a rain event, while a

positive coefficient points to canopy leaching of the

solute. For a given precipitation event DD is

the product of the dry deposition coefficient (b1)

and the antecedent dry period (A), while CE is the

product of the canopy exchange coefficient (b2) times

the amount of precipitation (P). Multiple regression

model calculations were performed with the mean net

throughfall fluxes of all collectors of a forest type per

event. With this model it is possible to investigate

whether a certain element rather derives from dry

deposition or canopy exchange processes and there-

fore originates from external or internal sources in

terms of nutrient cycling (Filoso et al. 1999; Lovett

et al. 1996; Veneklaas 1990). By multiplying the

values for b1 by annual number of dry days (80 days

during the study year) and b2 by the annual amount

of precipitation (5720 mm during the study year) it is

possible to estimate the annual fluxes of dry depo-

sition and canopy retention or leaching.

Moreover, the calculation of annual dry deposition

allows studying the uncertainty of atmospheric

deposition estimates based on bulk deposition only

or based on combined bulk plus dry deposition (total

deposition), by calculating the relative contribution of

dry deposition to total atmospheric deposition

(Eq. 5):

relDDð%Þ ¼ DD=ðDDþ BPÞ � 100 ð5Þ

Canopy budget model

The canopy budget model simulates the interaction

of substances within forest canopies based on

measurements of throughfall and precipitation and

therefore is applicable to distinguish the relative

importance of dry deposition and canopy exchange

to net throughfall fluxes. The model has been used

to estimate dry deposition and canopy exchange

fluxes in a wide range of forest ecosystems, and

different approaches have been reported (Staelens

et al. 2008). Canopy budget model calculations are

commonly based on mean (semi)annual fluxes in

throughfall per forest site. We here compare three

different approaches considering the application of a

tracer ion only (filtering approach), the reference

approach and the weak acid approach on an annual

time step basis:
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Filtering approach The filtering approach (Ulrich

1983) is used to estimate dry deposition of base

cations (K?, Ca2?, and Mg2?). In this approach

aerosols containing base cations are assumed to be

deposited with equal efficiency onto the forest canopy

as particles containing an inert tracer ion. Sodium is

often used as a tracer ion because it is assumed not to

be influenced by canopy exchange processes

(Staelens et al. 2008). Dry deposition of a certain

element X (DDX) is calculated as the product of the

dry deposition factor (DDF) of the tracer ion (here:

Na?), which is the NTF to BP ratio of Na?, times the

bulk precipitation of element X (Eq. 6):

DDx ¼
ðTF� BPÞNa

BPNa
� BPX ð6Þ

Canopy exchange viz. canopy leaching (CL) of base

cations is then determined by subtracting dry depo-

sition from NTF (Eq. 3). This approach has also been

applied to solutes other than base cations (Kopacek

et al. 2009).

Reference approach Considering ion exchange

processes within a tree canopy, it is assumed that

the canopy uptake (CU) of NH4
? and H? is

counterbalanced by an equivalent release of base

cations (Cronan and Reiners 1983). In this reference

approach only the flux balance between canopy

uptake of H? and NH4
? and canopy leaching of

base cations (K?, Ca2?, and Mg2?) is considered,

which due to the ion charge balance of the canopy is

assumed to be equal (Eq. 7):

CUNH4þH ¼ CLBC ð7Þ

To partition the ion uptake between H? and NH4
?

(Eq. 8a) the relative uptake efficiency factor xH is

applied assuming that the exchange capacity of H?

per mol is six times greater than that of NH4
?

(xH = 6). Dry deposition of H? and NH4
? is then

calculated based on Eq. 3. Canopy uptake of NO3
- is

calculated based on preferential uptake of NH4
?

compared to NO3
-, using an efficiency factor of

NH4
? versus NO3

- uptake (xNH4) with a proposed

value of 6 (Eq. 8b). xNH4 has been found to be very

close to this assumed value, being 6.4 for detached

tree branches at the same forest site (Hinko-Najera

Umana and Wanek 2010) as evaluated by 15NH4
?

versus 15NO3
- retention rates. Dry deposition of

NO3
- is again calculated by Eq. 3.

CUNH4
¼

ðTFÞNH4

ðTFÞNH4
þ xH � ðTFÞH

� CLBC ð8aÞ

CUNO3þNH4
¼

xNH4 � ðTFÞNH4
þ ðTFÞNO3

xNH4 � ðTFÞNH4

� CUNH4

ð8bÞ

Canopy leaching of weak acids When weak acid

(WA) leaching is included in the canopy budget

model, it is assumed that canopy leaching of base

cations (K?, Ca2?, and Mg2?) is due to canopy

uptake of H? ? NH4
? and canopy leaching of WA

(Eq. 9).

CUNH4þH ¼ CLBC � CLWA ð9Þ

CLWA is calculated by subtracting TD (=WD ? DD)

from TF of WA. To estimate the concentration of

WA in water samples organic anion concentrations

are estimated from DOC concentrations and corre-

sponding pH values using a model proposed by

(Oliver et al. 1983) so that the dissociation

(HA = H? ? A-) can be estimated by Eq. 10:

A� ¼ K½DOC�
Kþ ½Hþ� ð10Þ

where A- is the organic anion concentration, DOC is

the organic carbon concentration and K is the mass

action quotient estimated from sample pH using

Eq. 11:

pK ¼ 0:96þ 0:90pH� 0:039ðpHÞ2 ð11Þ

Statistical analyses

Statistical analyses such as one-way analysis of

variance (ANOVA), multiple regression analysis

and principle component analysis (PCA) were com-

puted with STATISTICA for Windows 7.5 (STAT-

SOFT 2005). Differences in fluxes between study

sites were investigated by one-way ANOVA after

testing whether the assumptions underlying ANOVA

were met by Levene’s Test (homogeneity of vari-

ance) and test for normality (with/without log-trans-

formation of data). Tukey HSD multiple range tests at

the 95% level were calculated to test for differences

between sites. Kruskal-Wallis ANOVA was calcu-

lated for data which did not meet homogeneity of

variances and normality after log-transformation.

Principle component analysis was applied as a

factor analytical technique to reduce the number of
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variables and to detect structure in the relationships

between variables that is to classify variables (event-

based NTF of different solutes, based on single trap

results) and compare the forest sites. In compliance

with the Scree Test and the Kaiser Criterion (Eigen

values[ 1) four principle components were

extracted and subsequent Varimax Rotation (orthog-

onal arrangement of factors) was used to allow

specific interpretation of data.

Statistical analysis investigating species assem-

blages were computed with PRIMER 6.0 (Clarke and

Gorley 2006). Fisher’s alpha index, fitting best for

species-rich areas as it accounts especially for rare

single species (singletons), was computed to test for

differences in species assemblages of study sites.

Analysis of similarity (ANOSIM) based on correlat-

ing Bray Curtis matrices (Non-metric-multidimen-

sional scaling) and Spearman rank correlations

showed whether forest plots form clusters according

to forest type. Analysis of similarity percentage

(SIMPER) was applied to estimate percentages of

similarity and reveal most dissimilar species between

forest sites. After Bray Curtis distances of square

rooted data were calculated for ionic composition and

tree diversity, respectively, the two matrices where

related by Spearman matrix rank correlation to test

for significant relationships between nutrient fluxes

and tree species assemblages on the respective forest

site. Another Spearman rank correlation, analysing

non-parametric data by the formation of ranks,

investigated the relationship between ion fluxes and

plant area index above a given throughfall trap.

Results

Soils

Bulk densities ranged from 0.41 g cm-3 (at site PRi)

to 0.61 g cm-3 (at site PRa) (Table 1). Soil pH

(CaCl2) ranged between 3.28 and 3.68 and was

lowest at site PRi. Soil Ctot and Ntot concentrations

were high for the topsoil (0–5 cm, after removal of

organic horizon), ranging between 4.8 and 8.6% for C

and between 0.37 and 0.64% for N, and were lowest

at site SRa (Table 1). Similar to soil solutions,

extractable soil NO3
- was highest at site PRa, while

NH4
? was highest at site PRi. Extractable K? and

HPO4
2- did not differ between sites, but HPO4

2- T
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showed a trend towards greater availability in soil

solution at site PRa (and site SRa) compared to site

PRi (p\ 0.10). Concentrations of K?, Mg2? and

Ca2? in soil solution did not differ significantly

between sites (Table 2).

Throughfall hydrochemistry

One-way ANOVA showed no statistically significant

differences in throughfall volumes between forest

sites, for rainfall events ranging from 5 to 168 mm.

Throughfall comprised between 87% (SRa), 90%

(PRa) and 92% (PRi) of bulk precipitation volume,

on an annual basis. Annual precipitation during the

study year was 5720 mm.

Generally variations in nutrient concentration

between collectors within each forest type were

relatively high, with CVs ranging between 8–26% for

bulk precipitation and 20–160% for throughfall. Due

to this high spatial variability few significant differ-

ences were found in nutrient concentrations between

forest types (Table 2). Statistical analysis of volume

weighted mean concentrations and net throughfall

fluxes of solutes produced the same significant

differences between sites as they are mathematically

related i.e. multiplication of volume weighted mean

concentration times volume of annual throughfall

gives net throughfall flux. Statistical analysis of

volume weighted mean concentrations produced the

same significant differences as that of throughfall

fluxes, which were calculated by multiplying volume

weighted mean concentrations times volume of

annual throughfall (see results below). Sodium con-

centrations in throughfall were highest at PRi,

HPO4
2- highest in throughfall at PRa and NO3

-

lowest in throughfall at SRa (Table 2).

Nutrient fluxes and throughfall modelling

In the Esquinas forest stemflow contributed\1% to

hydrological fluxes and nutrient fluxes in stemflow

were well below 5% of that in throughfall at all sites

(data not shown), similar to values reported previ-

ously (Herwitz and Levia 1997). Stemflow was

therefore excluded from further discussion and will

be presented in a separate paper.

Bulk precipitation inputs of dissolved ions ranged

from 0.4 (HPO4
2-) to 20.0 kg ha-1 year-1 (Ca2?).

Inputs for dissolved organic carbon (DOC) and total T
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dissolved nitrogen (TDN) were 30.9 and 7.7 kg ha-1

year-1, respectively. Throughfall fluxes of dissolved

ions ranged from 0.4 (HPO4
2-) to 80.4 kg ha-1 year-1

(K?). Fluxes of DOC and TDN were found as high as

94.9 and 13.8 kg ha-1 year-1 in throughfall, respec-

tively (Table 3). We found significant differences in

solute fluxes between bulk precipitation and throughfall

(full model: F(39) = 3.9, p\ 0.001). Compared to

throughfall, bulk precipitation (BP) showed higher

annual fluxes of H? (BP[PRa) and NO3
- (BP[PRi)

and lower fluxes of Na? (BP\PRi), K? (BP\PRa),

Cl- (BP\PRi) and SO4
2- (BP\PRi). However the

greatest differences were found in fluxes of K? and

NO3
-, where fluxes of NO3

-were higher and K? lower

in bulk precipitation compared to throughfall at all sites.

Between forest sites we found significant differences in

throughfall fluxes for Na? (one-way ANOVA,

p = 0.01) being highest at PRi, NO3
- (p = 0.01) being

lowest at SRa andHPO4
2- (p = 0.002) being highest at

PRa (Table 3). Positive net throughfall fluxes indicated

pronounced net increases of K? and DOC, with lower

enrichments found for Cl-, TDN, DON, Ca2?, Mg2?,

Na?, SO4
2- and HPO4

2- (in decreasing order, Fig. 1).

In contrast negative values of net throughfall fluxes

pointed to marked net retention and/or uptake of NO3
-,

NH4
? and H? (Fig. 1). Statistics of site-specific differ-

ences in net throughfall fluxes were consistent with that

of throughfall fluxes due to their close mathematical

relationship (Eq. 3).

The multiple regression model of event-based net

throughfall was highly significant for most solutes,

except NH4
?, NO3

- and HPO4
2- (Table 4). As the

intercepts of the multiple regression models were not

significant (i.e. not significantly different from zero)

for any solute and forest type, they were omitted from

final multiple regression analyses. However it should

be noted that for regressions that are forced through

the origin, the properties of the resulting regression

line are different than for an unforced regression. As

a consequence, residuals of regressions through the

origin must be interpreted with care and the sum of

the squared residuals may exceed the total sum of

squares, so that R2 has no clear meaning for

regressions through the origin (Neter et al. 1996).

Application of regression models with and without

intercept terms showed that omitting intercept terms

in these regressions resulted in more adequate

estimates of canopy exchange and dry deposition

(NTF = CE ? DD) that differed from calculated net

throughfall (NTF = TF - BP) by a factor of only

0.96 ± 0.08 compared to a factor of 0.78 ± 0.09

from regressions comprising intercept terms.

No significant differences in canopy exchange or

dry deposition between forest types were evident,

considering overlapping confidence intervals (CI) of

their estimates for the three forest sites (CI calculated

as the product of SE times 1.96; Table 3). Therefore for

comparative analyses of canopy exchange versus

litterfall fluxes (Fig. 2), and of dry deposition versus

total deposition (Fig. 3), results of the multiple

regression model combined for all sites were used.

Canopy exchange fluxes were positive in most cases,

indicating leaching from the forest canopy; exceptions

were NH4
? (PRi) and NO3

- (all sites) showing

negative canopy exchange estimates. Dry deposition

estimates were in some cases negative i.e. Na? (PRi,

PRa), NO3
- (all sites) and DOC (PRi). Though most

multiple regression models were highly significant a

large uncertainty in dry deposition coefficients for

some solutes (Na?, HPO4
-, NO3

-, and NH4
?) caused

dry deposition estimates not to be significantly differ-

ent from zero. They are still the best estimates of the

deposition rate, even if they were not statistically

significant from zero. NTF was mostly dominated by

canopy exchange compared to dry deposition for Na?,

K?, Mg2?, and SO4
2-while dry deposition dominated

NTF for TDN and DON and both, canopy exchange

and dry deposition, contributed equally to NTF of

Ca2?, Cl- and DOC.

Compared to the multiple regression model the

canopy budget model (filtering approach) produced

markedly higher estimates of dry deposition for most

elements (e.g. forNa?) and particularly for the exposed

PRi forest site. Higher dry deposition estimates were

found for Na?, NH4
?, Mg2?, Ca2?, and SO4

2- in the

canopy budget model compared to the multiple

regression model, resulting in lower estimates of

canopy exchange fluxes i.e. lower canopy leaching or

enhanced canopy uptake in the canopy budget model.

In contrast, dry deposition calculated by the canopy

budget model was lower compared to the multiple

regression model for K? and DON, resulting in higher

estimates of canopy leaching of these solutes. For Cl-,

DOC and TDN dry deposition estimates varied

between both models, and therefore the resulting

canopy exchange fluxes differed in their response

between sites and models. At PRi Na? throughfall

fluxes were highest among sites, translating into an
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CHAPTER 2

enhanced dry deposition factor and increased dry

deposition of many solutes. The reference approach

yielded even higher estimates of canopy retention of

NH4
? and lower estimates for NO3

- and H?. The

application of the weak acid approach slightly affected

the H? estimates though not those of NH4
?.

A detailed investigation of possible model flaws of

the multiple regression model and canopy budget

model estimates is given in the discussion section.

Based on this we used multiple regression model

estimates of canopy exchange and dry deposition for

evaluation of nutrient budgets. Litterfall represented

the major aboveground pathway of internal cycling of

elements (i.e. Ctot, Ntot, Ca2?, K?, Mg2? and

HPO4
2-, Fig. 2). Canopy exchange resulted in

marked leaching of DOC and K? and less so of

Cl-, Na?, Mg2?, Ca2? and SO4
2-. However, contri-

butions by canopy exchange to aboveground cycling

were large for Na? (69%), K? (53%), Mg2? (12.3%)

and HPO4
2- (8.2%), while for Ca2?, Ctot and Ntot

contributions were \2% (full model: F11,24 =

24.892, p\ 0.0001). Furthermore, canopy exchange

led to significant retention of NO3
-, and less so of

NH4
?, though this was not statistically significant

(Fig. 2, Table 3). Dry deposition contributed most to

total atmospheric inputs of DON (90%), K? (48%),

DOC (45%), TDN (43%) and Cl- (29%) and to a

lesser extent of Ca2?, Mg2?, SO4
2- and NH4

?

(Fig. 3; full model: F11,24 = 3.1509, p = 0.0091).

Bulk deposition estimates therefore would underes-

timate total atmospheric deposition to this tropical
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Fig. 1 Net throughfall fluxes (NTF; in kg ha-1 year-1) of

solutes in primary ridge (PRi), primary ravine (PRa) and

secondary ravine (SRa) forests (Piedras Blancas National Park,

SW Costa Rica). Values represent means ± 1 SE (n = 15

collectors per site)
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rainforest by e.g. *2-fold (K?, DOC, TDN, Cl-) and

10-fold for DON.

Sources of nutrients in net throughfall

In a third approach (besides the multiple regression

and the canopy budget model) a principal component

analysis was calculated to assess sources of solutes in

net throughfall fluxes (Table 5). At a threshold of 0.5

for factor loadings, principle component PC 1 (37.2%

variance explained) was found to group solutes such

as K?, Mg2?, Ca2?, DON and DOC i.e. plant

nutrients and dissolved organic matter. Principle

component PC 2 (14.6% variance explained) showed

clustering of typical sea-salt ions (Na?, Cl-, Mg2?,

SO4
2-) together with NO3

-, while principle
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Fig. 2 Internal nutrient fluxes of a canopy exchange (in

kg ha-1 year-1), b litterfall and c canopy exchange as

percentage of aboveground nutrient return to the forest floor

i.e. canopy exchange plus litterfall in the Piedras Blancas

National Park, SW Costa Rica. Values represent means ± 1SE

of all sites and plots combined. Different letters denote

significant differences between solutes (one-way ANOVA,

LSD, p\ 0.05)
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Fig. 3 External nutrient inputs by a bulk precipitation (in

kg ha-1 year-1), b dry deposition and c dry deposition as

percentage of total deposition i.e. bulk plus dry deposition in

the Piedras Blancas National Park, SW Costa Rica. Values

represent means ± 1SE of all sites and plots combined.

Different letters denote significant differences between solutes

(one-way ANOVA, LSD, p\ 0.05)
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component PC 3 (13.0% variance explained) was

determined by NH4
? and HPO4

2-. Principle compo-

nent PC 4 (8.8% variance explained) was determined

by solutes H? and K? which were negatively

correlated (Table 5). Together the four components

accounted for 73.5% of total variance in net through-

fall fluxes. The factor values were then tested by one-

way ANOVA for differences between forest sites. PC

1 showed highest values at SRa, differing from PRi.

PC 2 was highest at site PRi, differing from SRa. PC

3 was highest at the PRa site and lowest at PRi. For

PC 4 no differences between sites were evident

(Fig. 4).

Effects of seasonality and vegetation on net

throughfall fluxes

In throughfall volume weighted mean concentrations

of most solutes (except NH4
? and Ca2?) were

significantly higher in the dry season (events ranging

from 5 to 61 mm) than in the wet season (events

between 57 and 168 mm) (one way ANOVA,

p\ 0.001). Similarly, seasonality also affected

throughfall fluxes, being significantly higher for

Cl-, NO3
-, SO4

2-, HPO4
2- (p\ 0.001) and DOC

(p\ 0.01) during the dry season and for NH4
? and

Ca2? (p\ 0.001) and Mg2? (p = 0.01) during the

wet season.

Plant area index (PAI) (Table 6), based on light

absorbance by the canopy, was higher for PRa

compared to SRa and PRi (p\ 0.001). Values of

PAI calculated by hemispherical photography did not

differ between sites but showed the same trend as PAI

from light absorbance measurements. The Spearman-

Rank correlations between PAI measured above each

throughfall collector and NTF of solutes were not

significant (Supplementary Table 2).

Fisher’s alpha value demonstrated that forest types

differed significantly in species diversity for tree species

above 10 cm dbh (Fisher’s alpha 11–86) while species

of trees between 2.5 and 10 cm in diameter at breast

height did not (Fisher’s alpha 20–26, Table 6). Analysis

of similarity (ANOSIM)of species assemblages showed

weak differences (high similarity) between forest types

for trees between 2.5 and 10 cm dbh (Global Model’s

R = 0.87, p = 0.001). PRa differed from PRi and SRa

(R = 0.79–1.00, p = 0.03) whilst SRa and PRi showed

no differences in species assemblage (R = 0.63,

p = 0.10). For trees[ 10 cm dbh species assemblages

showed greater differences between sites (Global

Model’s R = 0.10, p = 0.002) with generally high

differences in species between all sites (R = 0.01,

p = 0.003–0.02). Analysis of similarity percentage

(SIMPER) confirmed that for trees[ 10 cmdbh forests

differed most significantly in species composition

(average dissimilarity: PRa/PRi: 100%, SRa/PRa:

98.2% and SRa/PRi: 92.1%; Supplementary Table 3).

Relating Bray Curtis distance matrices of tree species

and ionic composition by Spearman-matrix-rank corre-

lation, however, showed no influence of species com-

position on throughfall solute fluxes (Supplementary

Table 2).

Discussion

Comparison of the multiple regression

and canopy budget model approaches

In comparing the two model approaches to partition-

ing the contribution of canopy exchange and dry

deposition to NTF in forest ecosystems, we found

that both the multiple regression model and the

canopy budget model involved several caveats that

should be considered.

Table 5 Results of principal component analysis (PCA)

Variables PC 1 PC 2 PC 3 PC 4

H? -0.03 -0.01 -0.11 -0.81

Na? 0.05 0.81 0.03 -0.26

NH4
? 0.09 0.08 0.88 -0.10

K? 0.55 0.26 -0.01 0.64

Mg2? 0.58 0.56 0.00 0.38

Ca2? 0.67 0.45 0.18 0.05

Cl- 0.38 0.66 -0.11 0.39

NO3
- -0.33 0.59 0.47 0.06

SO4
2- 0.22 0.74 0.04 0.24

HPO4
- 0.11 -0.05 0.74 0.47

DOC 0.86 0.22 -0.08 0.20

DON 0.79 -0.13 0.12 -0.01

Eigen values 4.46 1.75 1.56 1.06

% Variance explained 37.19 14.58 12.99 8.79

Bold values indicate factor loadings above 0.5 or below -0.5

and thus common sources of solutes in annual net throughfall

of single throughfall collectors. Factor loadings, Eigen values

and percentage of variance explained for each principle

component (PC 1–4) are given for 12 events for three forest

sites (Piedras Blancas National Park, SW Costa Rica)
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The multiple regression model was designed for

application in temperate regions where the distribu-

tion of dry days and precipitation magnitude is more

or less equally throughout the year. The power of

multiple regression analysis will be weakened when

there is little variation in one of the variables (see
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Fig. 4 Mean values ± confidence intervals of the factor

loadings of principal components of annual net throughfall

fluxes (presented in Table 5). Significant differences between

sites i.e. primary ridge (PRi), primary ravine (PRa) and

secondary ravine (SRa) forests (Piedras Blancas National Park,

SW Costa Rica) for each factor (1–4) are presented by different

letters (one-way ANOVA, LSD, p\ 0.05). ns not significant

Table 6 Vegetation characteristics of primary ridge (PRi), primary ravine (PRa) and secondary ravine (SRa) forests (Piedras

Blancas National Park, SW Costa Rica)

Trees 2.5–10 cm dbh (0.03 ha) Trees[ 10 cm dbh (0.12 ha) Tree height PAI

(Sundata)

PAI

(Hemiview)

Site Total

species

Total

individuals

Fisher’s

alpha

Total

species

Total

individuals

Fisher’s

alpha

Mean CV% Mean CV% Mean CV%

PRi 52 167 26 25 29 86 16.6 38.8 7.1 18.2 4.1 14.8

PRa 18 28 22 21 29 34 17.4 43.2 8.3 23.4 4.7 24.4

SRa 29 65 20 15 31 11 21.5 41.0 6.9 16.7 4.1 24.7

Sum 99 260 61 89

Total species and total individual numbers of tree species below and above 10 cm in diameter at breast height (dbh) are presented.

Fisher’s alpha index is given as an indicator of species diversity. Means and coefficients of variation (CV%) are given for height of

trees; plant area index (PAI) investigated by Sundata and Hemiview System of the respective forest sites
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Eq. 4) among events such as here in the length of

antecedent dry period that varied only between 0 and

2 days. Therefore the following limitations of the

regression model have to be considered: (1) The

relationships between (i) precipitation amount and

canopy exchange and (ii) antecedent period and dry

deposition flux are assumed to be linear. (2) Material

accumulated between events is assumed to be washed

off the canopy completely and quickly, and the

efficiency of this wash-off is assumed to be unrelated

to the amount of precipitation (events\ 5 mm are

excluded from analysis). Dry-deposited material that

is retained in the canopy and is not included in NTF

and therefore dry deposition may be underestimated

for some substances. (3) The dry deposition compo-

nent includes material that migrates from inside the

leaves and branches to surfaces during the antecedent

period, and also material accumulating in the TF

funnels during the antecedent dry period, such as

debris from the canopy, both leading to an overes-

timation of the dry deposition component. According

to these assumptions and limitations the model has

proven highly valuable to estimate canopy exchange

and dry deposition in areas with convective storms

and extended dry weather periods (Lovett et al. 1996;

Puckett 1990) but was found less useful in areas

characterized by frequent low-intensity rainfall and

relatively short dry periods (Draaijers et al. 1994;

Lindberg et al. 1990). The high mean annual

precipitation of approximately 5800 mm in the study

region with an average of 260 rainy days per year

(data not shown) therefore indicates unfavourable

conditions according to factor (1) but less restrictions

by factors (2) and (3) for the application of this

approach to correctly estimate the dry deposition

component of NTF. For the 30 precipitation events

collected the mean number of antecedent dry days

was *0.5, and in the study year only 80 dry days

occurred. We therefore anticipate that the local

meteorological conditions result in high contributions

of canopy exchange to NTF in the study area while

contributions of dry deposition to NTF remain sparse

and statistically uncertain, as demonstrated.

One more concern with the multiple regressions is

the choice of model. Forcing regressions through the

origin is commonly not advised and may lead to large

uncertainties in calculated dry deposition and canopy

exchange rates. However, in this study models

without intercepts performed better than those with

intercepts i.e. models with intercepts led to underes-

timation of measured NTF by 22 ± 1% compared to

4 ± 1% underestimation by models forced through

the origin. The discrepancy mainly derives from the

difficulties in interpreting and partitioning the inter-

cept value which neither represents dry deposition

nor canopy exchange per se, following the assump-

tions of the multiple regression model. The intercept

value would represent a net throughfall flux per rain

event that is not related to precipitation amount

(which presumably scales with canopy exchange

flux) and to the length of antecedent dry period

(which presumably scales with dry deposition flux).

The exact nature of this flux remains obscure but in

this study was not related to contamination of

samples or collectors. The application of multiple

regression models computed with intercepts can

therefore lead to underestimations of the contribu-

tions of canopy exchange and dry deposition to net

throughfall flux in tropical rainforests. This finding

indicates that the multiple regression model com-

puted without intercept terms (despite legitimate

statistical scepticism) constitutes a more adequate

instrument for the estimation of canopy exchange and

dry deposition fluxes, provided that intercept terms

are not significant.

The multiple regression model was not significant

for NTF of NH4
?, NO3

- and HPO4
2- ions that in

tropical rainforest canopies are expected to be highly

dynamic, to be exchanged between canopy compart-

ments and to be biochemically transformed (e.g. NH4
?

to NO3
-, or inorganic to organic PO4). The different

dynamics ofNH4
? andHPO4

2- are also represented by

the principal component analysis of NTF of individual

throughfall traps, i.e. in their strong positive relation to

principal component PC3. However, any estimates

presented for canopy exchange and dry deposition of

these ions have to be taken cautiously as model outputs

were non-significant.

Interestingly dry deposition of the tracer ion, Na?,

of the canopy budget model was close to zero, NTF

being dominated by canopy exchange processes

which would prevent application of the canopy

budget model in the study area. Though other tracer

ions (e.g. Cl-, Ca2?) have also rarely been used

(Staelens et al. 2008), Na? is the most commonly

used tracer ion and we therefore calculated the

canopy budget model with Na? to be compared with

the multiple regression model.
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The canopy budget model has been validated for

areas with high wet and dry deposition rates of N and

S (Draaijers and Erisman 1995). The filtering

approach is based on medium to high dry deposition

rates of Na? and base cations and the reference

approach particularly applies where deposition of H?

and NH4
? is high and therefore is a major driver of

ion-exchange processes in the canopy. In the refer-

ence approach deposition of H? and NH4
? is

neutralized by an equivalent release of base cations.

The canopy budget model is therefore considered to

be built on several assumptions of mechanisms which

are sometimes questionable. When a specific assump-

tion is not valid this propagates into successive

calculations by which an accumulation of errors may

arise (Staelens et al. 2008). We might expect that in

remote and in clean air areas the processes being

dominant in high deposition areas are not represen-

tative and that therefore the canopy budget model is

based on a ‘wrong’ mechanistic basis. This becomes

evident from the strong deviations in anticipated

solute relationships based on the canopy budget

model and those found by principal component

analysis of NTF (Table 5). Principal component

PC1 was controlled by NTF of base cations (which

would fit canopy budget model assumptions) but also

by NTF of DOC and DON indicating a similar

canopy leaching mechanism. PC2 was strongly

dominated by NTF of sea salts i.e. Na?, Mg2?, Cl-

and SO4
2- but also of NO3

-, indicating a strong dry

deposition component that also affected NTF of

NO3
-. PC3 was related to NTF of NH4

? and

HPO4
2-, two elements that most probably have

similar biological sink/source relationships in the

forest canopy. Only in PC4 we find a typical ion-

exchange component as indicated by the negative

relation between NTF of H? and K? and predicted by

the canopy budget model.

The major weakness of the filtering approach is the

assumed relation between wet and dry deposition of

particles (Draaijers et al. 1996). The assumption of

the filtering approach that Mg2?, Ca2?, Cl- and K?

containing particles are deposited with equal effi-

ciency as Na? containing particles will certainly

introduce an error as the particle-size distribution of

these constituents is not the same. In general mass

median diameters of aerosols containing Ca2? and to

a lesser extent Mg2? were found to be larger than

those of Na?, while mass median diameters of K?

aerosols can be considered smaller (Ruijgrok et al.

1997). As a result dry deposition of Ca2? and to a

lesser extent of Mg2? containing particles will be

underestimated by the model and dry deposition of

K? containing particles will be overestimated (Dra-

aijers et al. 1997). In this study, however, we found

very high estimates for dry deposition of most

elements but especially Ca2? in the exposed PRi

forest site (compared to the multiple regression

model). These high dry deposition estimates further

translate into much higher rates of canopy uptake of

NO3
-, NH4

? and TDN and especially unrealistically

high canopy uptake of Ca2? at PRi compared to the

multiple regression model estimates. The most plau-

sible explanation of low NTF but high dry deposition

and therefore canopy uptake fluxes of Ca2? at PRi is

the enhanced TF:BP ratio (DDF) for Na? at this site

which gives rise to high dry deposition fluxes of all

base cations in the filtering approach. In a study by

Staelens et al. (2008) it was reported that part of NTF

of Na? may actually result from canopy leaching

instead of dry deposition and that canopy exchange of

Na? is most critical in regions with low marine

deposition inputs, which would impair the use of Na?

as a tracer in remote areas. In contradiction, previous

research suggests that the enrichment of Na? in TF is

mainly derived from dry deposition although evi-

dence for the canopy inertness of Na? is scarce

(Staelens et al. 2008). Further error is introduced

when based on these dry deposition values, canopy

leaching of base cations is computed which in turn is

used to calculate canopy uptake of H? and NH4
? in

the reference approach. Application of the weak acid

approach assumes generally larger canopy leaching

of base cations, since weak acid leaching may release

extra base cations from the plant tissues. Although in

this study the application of the weak acid approach

resulted in minor changes in H? but not base cation

estimates, it has been reported that base cations

leached in association with weak acids accounted for

6–30% of canopy leaching of base cations (Zhang

et al. 2006). In the latter two approaches (reference

and weak acid approaches) we found negative dry

deposition for NO3
- and H?. Such negative dry

deposition fluxes are actually impossible, but result

from calculating dry deposition of H? and NH4
? as

NTF minus estimated canopy exchange, where the

latter depends on the calculated canopy leaching of

base cations. This shows how errors in the estimated
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base cation fluxes result in erroneously negative H?

and NH4
? flux estimates (Staelens et al. 2008).

Some differences between the multiple regression

and canopy budget model reported above might be

explained by the fact that the characteristics of wet

tropical climates with high relative humidity ([90%),

large rainfall volumes and frequent rain events will

generally accelerate element cycling and in particular

enhance canopy leaching or more generally canopy

exchange processes. Moreover, relatively long resi-

dence times during drizzle (e.g. in tropical regions)

were shown to account for relatively high leaching

rates compared to short rain periods with large

rainfall intensities (Lovett and Lindberg 1984), and

the amount of rainfall is one of the most important

factors controlling the leaching of K? and DOC and

the exudation of weak acids from plant tissues

(Likens et al. 1996; Prescott 2002). Based on the

discussion above we used the multiple regression

model estimates of canopy exchange and dry depo-

sition, as they are relatively unbiased in terms of

assumptions on the underlying canopy ion-exchange

and dry deposition processes compared to the canopy

budget model. For future applications of the canopy

budget model, more studies of dry deposition and

canopy exchange fluxes in tropical rainforest cano-

pies should be performed to generate a realistic

mechanistic basis of canopy exchange processes

applicable to remote and high-precipitation forests.

Contribution of canopy exchange and dry

deposition to net throughfall

Based on NTF only we could not distinguish whether

the enrichment in throughfall of solutes (Fig. 1) was

due to dry deposition, canopy leaching, both pro-

cesses, or dry deposition exceeding canopy uptake.

Multiple linear regression analysis, however, demon-

strated that on average NTF of Na?, HPO4
2-, SO4

2-,

K?, Mg2?, NH4
?, Ca2?, and DOC (in declining

order) was controlled by canopy exchange processes

([50% canopy exchange of NTF). For DOC and K?

strong net throughfall enrichment was linked to

canopy leaching. Potassium and DOC are considered

to be highly soluble substances that are easily washed

out from canopy materials (Tobón et al. 2004b),

explaining the highest canopy leaching fluxes at all

three sites. Ca2? and Mg2? leaching were shown to

depend on the nutrient status of the forest site (Filoso

et al. 1999), as shown here by highest canopy

leaching of both ions at PRa where soil solution

concentrations were highest.

For total nitrogen dry deposition was dominant,

thereby probably masking the uptake of NH4
? and

NO3
- from rainfall. Canopy uptake of inorganic N

(particularly NO3
-) was to some extent balanced by

canopy leaching of DON (and NH4
?), resulting in net

canopy leaching of TDN. The major source of DON

to net throughfall in tropical forests has been

considered to be foliar leaching or phyllosphere

processes such as N2 fixation by free-living diazo-

trophic organisms (Fürnkranz et al. 2008; Wanek and

Pörtl 2005). Moreover, it has been debated whether

NH4
? and NO3

- uptake by the forest canopy is

counterbalanced by DON release from epiphytes and

epiphylls (Gaige et al. 2007; Wanek and Pörtl 2005).

The latter pattern might hold to some extent in the

study area where negative net throughfall of NO3
-

(and NH4
?) pointed to net uptake of solutes from

throughfall during passage through the canopy layer

and DON increased in two out of three forest sites.

Transformation of DIN to DON and N2 fixation

would most plausibly be subsumed under the dry

deposition flux of DON while foliar leaching adds to

the canopy exchange flux. However, N2 fixation is

highly dependent on sufficient surface moisture,

therefore N2 fixation products are thought to accu-

mulate mostly during wet periods. In contrast the

release of N fixed (DON, NH4
?) occurs mostly after

dry spells, eventually increasing with the length of

dry period. A recent paper discusses this issue to

some extent, noting that N2 fixation did not greatly

contribute to net throughfall fluxes of DON (Hinko-

Najera Umana and Wanek 2010). Nitrogen is a major

plant nutrient and in strongly nutrient limited forests,

canopy uptake may supplement nutrients for plant

growth. For instance, in boreal forests canopy uptake

of N has been reported to meet up to 30% of the

annual demand for net primary production (Lovett

and Lindberg 1993). Similarly, uptake of essential

nutrients such as N and P was found across a strong N

to P limitation gradient in mangroves (Wanek et al.

2007) and across a soil nutrient gradient from

nutrient-rich alluvial soils to nutrient-depleted upland

terraces (Tobón et al. 2004b). Uptake of inorganic N

forms in the canopy of our study site evidently was of

less importance, as net canopy uptake of inorganic N

occurred only at PRi site where the flux comprised
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less than 2% of the annual litterfall N flux, and NTF

of TDN demonstrated net release of N in the canopy.

Interestingly, we found a trend towards HPO4
2-

leaching from the forest canopy at all three sites,

though lowland rainforests are considered to be P

rather than N limited (Tanner et al. 1998). However,

relatively low P use efficiencies and high litter P

contents (Sigrid Drage, unpublished data) in this forest

pointed to higher than average soil P availabilities, as a

result of rapid land lift, enhanced erosion and weath-

ering in the Golfo Dulce area (Gardner et al. 1992;

Porder et al. 2006). Canopy leaching of HPO4
2- can

also be enhanced during the wet season or at sites of

very high MAP where the net loss from the forest

canopy is increased by the greater magnitude of heavy

precipitation events (Filoso et al. 1999). The retention

of H? (and NH4
?) is considered to be the result of ion

exchange processes with base cations in the forest

canopy which decreases the acidity of rain and results

in an enrichment of base cations and organic acids

(Asman et al. 1998; Lovett et al. 1996). In support of

the latter reaction principal component analysis of

annual net throughfall based on individual throughfall

traps yielded a principal component PC 4 in which the

highly exchangeable elements H? and K? were

negatively related. These reverse ion-exchange pro-

cesses did not differ between forest type but followed

more general physicochemical processes in the canopy

(see also Tobón et al. 2004b).

Compared to canopy exchange dry deposition

represented a large forest input of DOC, TDN, DON

and K? and less for inputs of Cl-, Ca2?, Mg2?, and

SO4
2-. Dry deposition controlled NTF of DON,

TDN, Cl- (and NO3
-) i.e. contributed[50% to NTF.

Sodium, Cl-, Mg2? and SO4
2- are the major

components of sea water, and external inputs are

therefore commonly related to dry deposition of

marine aerosols. Such a clear marine source of NTF

of Na?, Cl-, Mg2? and SO4
2- was reflected in

principle component PC 2 (Table 5). In contrast the

multiple regression model indicated that dry deposi-

tion of Na? was negligible and the PCA results might

therefore also be interpreted in terms of similar

canopy exchange behaviour of these elements (see

also discussion above). Potassium and Ca2? are only

minor solutes in sea water, and marine concentrations

of NH4
? and DOC are negligible. These components

are closely linked to biogenic emissions and biomass

burning (Artaxo et al. 1998). Generally it is assumed

that dry deposition is of less importance than canopy

exchange for base cations since they do not occur in

gaseous phases and there is low aeolian transport of

soil and dust particles in remote areas of continuous

forests. In a Brazilian forest archipelago canopy

exchange was therefore the dominant source of base

cations to net throughfall, while dry deposition was

important only during the dry season (Filoso et al.

1999). Although for SO4
2- and Cl- dry deposition

was reported to be the main source to NTF in the

Amazonian forest (Filoso et al. 1999), in our study

this was the case for Cl- but not for SO4
2- which was

dominated by canopy exchange processes. It has been

shown that dry deposition changes seasonally with

anthropogenic biomass burning during the dry season

since forest burning increases emissions of NOx,

organic C and other elements such as K? and P and

thus dry deposition of these compounds (Clark et al.

2001b). Biomass burning and natural background

sources may therefore explain the dry deposition flux

of P but especially that of DOC and DON in this

study. Alternatively, dry deposition of DOC may

represent migration of organic compounds from the

interior of the leaf to the leaf surface to accumulate

there during dry periods (Draaiijers et al. 1997), while

dry deposition of DON may be the same process, or

N2 fixation in the phyllosphere.

Dry deposition and canopy exchange represent the

major mechanisms that control the chemical compo-

sition and deposition via NTF as shown above and

discussed elsewhere (Filoso et al. 1999; Lovett and

Lindberg 1984). It has been suggested that canopy

exchange is mainly affected by species assemblage,

vegetation structure, soil fertility and concentration of

solutes in precipitation, whereas dry deposition is

primarily influenced by climate (seasonality) and

exposure of the canopy layer to atmospheric deposition

(Levia and Frost 2006). Both dry deposition and

canopy exchange vary in space and time since they are

related to biological characteristics of the forest e.g.

stand age, soil fertility, plant nutrient status, presence

of insects, leaf area and epiphyte activity (Levia and

Frost 2006). These seasonal and biological effects are

discussed below.

Seasonal effects

In the tropics seasonal climate variations i.e. distinct

wet and dry seasons can profoundly affect deposition
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of elements resulting from differences in leaf area and

litterfall patterns and in precipitation amounts. Season

markedly affected throughfall fluxes, being due to

higher volume weighted mean concentrations of most

solutes (except NH4
?, Ca2?) during the dry season,

and due to higher rainfall volumes in the wet season

for NH4
?, Mg2? and Ca2?. High dry season concen-

trations are directly linked to higher aerosol loads in

air above the canopy that is washed out during

precipitation events. In a Brazilian forest archipelago

(Filoso et al. 1999) also a clear pattern of seasonality

was found in NTF—in the rainy season the contribu-

tion of canopy exchange to NTF was significant for all

ions except Na?, whilst dry deposition significantly

contributed to Cl- only. During the dry season dry

deposition affected NTF of most ions (except Cl-,

HPO4
2- and H?), whereas canopy exchange had an

effect on all ions except Ca2? and NH4
?. These

variations in volume weighted mean concentration

and deposition of solutes between wet and dry seasons

were also explained on the basis of large seasonal

variations in rainfall depth and biogenic emissions

(Filoso et al. 1999).

Topographic effects

Topography is strongly correlated with (i) altitude

and exposure to wind, precipitation and aerosols and

(ii) erosion and nutrient transfers from upland to

downslope areas. While the first factor affects

microclimate and deposition velocity, the second

effectively controls soil fertility across topographic

gradients. Topography may therefore increase dry

deposition by exposure to aerosol laden air masses at

ridges and canopy exchange by increasing soil

fertility at downslope areas. We found clear evidence

for increased dry deposition to the ridge forest (PRi)

where NTF of Na? was significantly higher than at

the ravine site (PRa). Moreover, principle component

PC 2 from PCA analysis of net throughfall which was

composed of sea salt ions (Na?, Cl-, Mg2?, SO4
2-)

and NO3
-, was significantly higher at the PRi site

(compared to SRa) which was situated at a ridge at

higher elevation and thus was more exposed to

deposition of aerosols (see also (Eklund et al. 1997).

The contribution of NO3
- to principle component PC

2 may be explained by greater deposition of aerosols

from biogenic origin or from biomass burning to the

higher elevation site.

A significant effect of soil fertility and foliar

nutrient concentration on NTF has been previously

reported by Filoso et al. (1999) and Tobón et al.

(2004b). Higher nutrient availability at the ravine site

was supported by 12-fold higher soil water NO3
- and

5-fold higher soil water HPO4
2- concentrations at

PRa compared to PRi (Table 2). This actually

translated into higher NTF of NO3
- and HPO4

2- at

the PRa site, and showed up in significantly higher

factor loadings for principle component PC 3, which

was determined by HPO4
2- and NO3

-. Greater NTF

of HPO4
2- can be attributed to higher soil fertility

and lower nutrient use efficiency of N and P

reflecting less nutrient limitation of the ravine site.

This was also confirmed by nutrient inputs deriving

from leaf litterfall (fine & coarse litter), where highest

litterfall fluxes of C, N, Ca2?, K?, Mg2? and P

occurred at the PRa forest site, the site which turned

out to be the most nutrient rich with fastest nutrient

cycling rates (Table 3). Topography therefore had a

significant effect on NTF in the Esquinas forest.

Similarly NTF of K?, P and Mg2? were found to vary

across other toposequences, with lower throughfall

fluxes at upper slopes and higher ones at downslope

sites in tropical forest sites in Mexico and Colombia

(Campo-Alves 2003; Tobón et al. 2004b). Low NTF

of N or P may be associated with a more economic

use of these elements by trees and epiphytes at

specific topographies. This would be in accordance

with the conclusions of Veneklaas (1990) and Clark

et al. (1998), suggesting limited availability and

efficient use of N and P in tropical forests situated at

higher altitudes.

Disturbance effects

Disturbance and forest regrowth have a strong impact

on tree species composition, vegetation structure, and

biomass and nutrient distribution. Tree species com-

position and vegetation structure were significantly

affected by stage of succession (Table 6, Supple-

mentary Table 3) but these parameters did not

significantly affect NTF in secondary and primary

ravine forests (Supplementary Table 2). However,

the large demand for nutrients to allow regrowth and

biomass accrual of secondary forests commonly leads

to an intermittent decrease in soil nutrient availability

(Hughes et al. 1999). Comparing primary ravine

forest (PRa) and secondary ravine forest (SRa)
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nutrient depletion was evident since NO3
- and

HPO4
2- concentrations in soil water were 36- and

1.7-fold lower in the secondary forest (Table 2).

Decreases in soil fertility at the SRa site also

corresponded to significantly lower NTF of HPO4
2-

and NO3
-. However, identification of sources of

nutrients in net throughfall conducted by principal

component analysis and further ANOVAs for differ-

ences between forest sites revealed that principle

component PC 1 accounting for solutes that derived

mainly from canopy exchange processes (K?, Mg2?,

Ca2?, DON and DOC) showed highest values at the

SRa site. This result may be attributed to the

characteristics of plant species in the secondary

ravine forest in a relatively young stage of succession

(*20 years after disturbance). Forests in different

stages of succession exhibit differences in plant life

forms, nutrient allocation and leaf traits of the

characteristic species (Reich et al. 1992). Leaves of

fast growing early successional species have a shorter

leaf life time (Reich et al. 1991), are less sclerotic but

are more nutrient rich (Poorter et al. 2004) and the

present tree species at SRa are therefore more likely

to leach readily soluble elements (Tukey 1970).

Canopy characteristics and tree species

composition

Microclimate and soil fertility are also key determi-

nants of vegetation composition and canopy charac-

teristics such as the plant area index, which differed

between PRa and PRi. Plant area index as a proxy for

canopy cover is a major determinant of NTF by

increasing the surface area to which aerosols are

deposited and where nutrients can be exchanged.

(Schroth et al. 1999) clearly demonstrated this

relationship for tropical mono- and poly-cultures

with canopy covers ranging between 7 and 100%. In

this study plant area indices measured by SunScan

system were high and varied between 6.9 and 8.3

(Table 6). Plant area indices from hemispheric pho-

tography were markedly lower due to saturation

effects with increased overlapping of leaves and leaf

clumping. The plant area index was significantly

higher at the PRa forest site where highest NTF was

found for HPO4
2- and a trend towards increased net

throughfall of DOC, K?, Mg2? and Ca2? compared

to the other sites. A greater variability in canopy

characteristics at PRa, as suggested by higher

coefficients of variation of plant area indices and

tree height, also results in greater canopy roughness.

Canopy roughness may further increase NTF by

enhancing dry deposition processes and thus nutrient

deposition (Hansen et al. 1994; Lovett 1992; Parker

1983). However, on an individual throughfall trap

basis, we found no correlation between plant area

index and NTF of any solute. At this small scale the

variation in NTF is therefore not accounted by simple

canopy structure measures as applied above, and

more elaborate models of throughfall fluxes have to

be adopted (Levia and Frost 2006). The magnitude of

water and nutrient fluxes inside the canopy, however,

is also affected by non-vascular plants (mosses,

liverworts and lichens) which may account for a

large part of the vegetation’s aboveground biomass,

particularly in montane rainforests (Hölscher et al.

2004). In the Esquinas rainforest year-round high

humidity resulted in dense epiphyte colonisation of

ravine but not of ridge forests (PRa[PRi), while

after *20-years of succession epiphytes in SRa were

virtually absent (Roland Albert, data not shown).

ANOSIM and SIMPER analysis revealed signifi-

cant differences in tree species composition between

forest sites due to distinct stages of succession and

different topography (Supplementary Table 3). Tree

species composition has been shown to significantly

affect the hydrology and fluxes of nutrients and thus

contribute to spatial variability of throughfall fluxes,

especially in species-poor tree-based land use sys-

tems (Schroth et al. 1999). In this study, however,

Spearman matrix rank correlations did not show that

species composition exerted a significant influence on

NTF compared between primary and secondary forest

stands and between ravine and ridge forests. This is

probably the effect of high species diversity in

tropical lowland rainforests (160 species on 0.36 ha

total surveyed site) what seems to outweigh the

impact of certain tree species in terms of nutrient

deposition.

Internal nutrient cycling via litterfall

and canopy exchange

Comparison of nutrient cycling showed that litterfall

generally represented a higher quantity of element

input to the forest floor compared to throughfall

(Fig. 2). Element inputs by litterfall in this study

ranged among the highest reported for tropical forest
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sites (Wood et al. 2006) (Table 3). Whereas internal

cycling of N, Ca2? and P mainly is associated with

litterfall, other nutrients (e.g. K?) are more susceptible

to leaching of the canopy layer (Cavelier et al. 1997;

Johnson 1992; Tobón et al. 2004b; Veneklaas 1991)

and thus mainly cycle via throughfall (Levia and Frost

2003; Parker 1983). Chuyong et al. (2004) reported that

the percentage of rain-based input (TF ? SF) to gross

inputs including litterfall was about 77% (K?), 42%

(Mg2?), 35% (P), 27% (Ca2?) but only 4% (N) for two

different forest sites in Cameroon.

However, in terms of internal element cycling,

litterfall cannot be compared directly to throughfall or

net throughfall but rather to canopy exchange. Accord-

ing to our knowledge, we here present the first direct

comparison of internal nutrient cycling via litterfall

and canopy exchange for tropical forest ecosystems.

Our data indicate that the contribution of canopy

exchange to aboveground inputs of elements to the

forest floor was low to negligible for C, N and Ca2?,

contributed about 10% toMg2? and P but[50% to K?

(Fig. 2). Therefore, canopy exchange contributed to

aboveground nutrient cycling where solutes are easily

leached from the canopies i.e. K?, HPO4
2- and Mg2?,

while naturally the contribution of canopy exchange to

internal cycling of C was negligible (\1%). DON

leaching was partly counterbalanced by NH4
? and

NO3
- uptake, and the contribution of canopy exchange

of TDN was therefore only 1.5% for total N. However,

the contributions were substantial for K?, i.e. 53%, and

forMg2? and P, i.e. 12.3% and 8.2%. In comparison, in

pine and birch forests as well as regenerating forests

stands in Belgium, canopy exchange did not contribute

to aboveground cycling of N due to strong net canopy

uptake of inorganic N (DON was not assessed) and

little to Ca2? (0–16%) while it contributed by 44–78%

to K? and 17–48% to Mg2? (De Schrijver et al. 2009;

De Schrijver et al. 2004). This enhanced canopy

exchange contributionwasmost probably due to strong

acid and enhanced N deposition triggering base cation

leaching and therefore enhanced canopy exchange

fluxes for Ca2? and Mg2? compared to litterfall.

Quantification of external nutrient inputs via wet

and dry deposition

Contributions of dry deposition to total atmospheric

deposition (sum of bulk/wet and dry deposition) were

greatest for DON (90%), high for DOC, TDN and K?

(43–48%) and Cl- (29%) but \10% for the other

elements. Therefore bulk deposition fluxes would

have to be corrected by a factor of approximately 1.0

to 1.9 (DON: 10.4) to estimate total atmospheric

deposition to forests, depending on the element

considered. For solutes such as Cl-, NH4
?, SO4

2-,

HPO4
2-, Ca2?, and Mg2? the correction factor

ranged from 1.0 to 1.4 while for K?, DOC, TDN

and DON it was between 1.8 and 10.4. Only few

studies on tropical forests are available that reported

estimates of dry deposition and bulk deposition fluxes

and therefore allow us to assess total atmospheric

deposition. Correction factors calculated from pub-

lished data by far exceeded ours for specific solutes.

For instance in an off-shore mangrove ecosystem

dominated by Rhizophora mangle (Wanek et al.

2007) the correction factors ranged from 2.2 to 3.4

for base cations (K?, Ca2? and Mg2?) and was 2.8

for SO4
2-. Sea-salt derived solutes i.e. Na? and Cl-

were underestimated by a factor of 2.9 and 3.8. At a

more remote site in a flooded forest archipelago at the

Negro River in Brazil (Filoso et al. 1999) correction

factors were even higher, and ranged between 1.5 and

35 for cations (Na?, K?, Ca2? and Mg2?) and were

1.6 and 6.8 for SO4
2- and HPO4

2-. Although situated

far from the coast values for Na? and Cl- input had

to be corrected by 1.6 and 3.2 (Filoso et al. 1999).

These results therefore indicate that previous calcu-

lations of atmospheric inputs to tropical forest

ecosystem have been profoundly underestimated,

depending on the ionic form and element.

Conclusions

Two models, the multiple regression model and the

canopy budget model, were tested for their suitability

to partition NTF into canopy exchange and dry

deposition contributions. In places with rainfall[5 m

per year and an average dry period of \0.5 days

between rain events it is very difficult to accurately

estimate dry deposition based on the multiple

regression model. Sampling and analysis of more

rainfall events with greater variability in the length of

the antecedent dry period may improve these esti-

mates. Moreover, the high biological dynamic of N

and P in the forest canopy resulted in non-significant

models for NH4
?, NO3

- and HPO4
-. Biochemical

transformations such as mineralization and
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assimilation reactions link the pools of inorganic and

organic N forms (as well as P forms) and therefore

did not allow using multiple regression models to

dissect the contribution of dry deposition and canopy

exchange to net throughfall of inorganic N and P

though this was possible for the sum of inorganic and

organic N. Based on the multiple regression model

but considering the constraints presented above, we

showed that former estimates, which accounted for

bulk precipitation only, underestimated atmospheric

deposition as external input of elements to tropical

rainforests. Further, we demonstrated that factors

affecting the amount and ratio of dry deposition and

canopy exchange strongly affected NTF. Tree species

composition did not explain the differences found in

NTF between forest sites, and vegetation character-

istics had no (tree height) or little effect (plant area

index) on NTF. Compared to a mature forest, a

younger forest had lower leaching of N and P but

higher canopy exchange of highly leachable solutes.

Topography most significantly affected NTF, possi-

bly from enhanced dry deposition to higher elevation

sites and higher soil fertility and canopy exchange at

down slope sites. The application of approaches to

partition NTF therefore will allow further insights

into the biotic and geochemical controls of internal

nutrient cycling of tropical rainforests, allowing

better understanding of climatic versus nutrient

controls of net primary production in times of

globally changing environments.
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Schinner F, Öhlinger R, Kandeler E, Margesin R (eds) (1996)

Methods in soil biology. Springer Verlag, Berlin

Schroth G, da Silva LF, Wolf MA, Teixeira WG, Zech W

(1999) Distribution of throughfall and stemflow in multi-

strata agroforestry, perennial monoculture, fallow and

primary forest in central Amazonia, Brazil. Hydrol Pro-

cess 13:1423–1436

Schroth G, Elias MEA, Uguen K, Seixas R, Zech W (2001)

Nutrient fluxes in rainfall, throughfall and stemflow in

tree-based land use systems and spontaneous tree vege-

tation of central Amazonia. Agric Ecosyst Environ

87:37–49

Schuur EAG (2003) Productivity and global climate revisited:

the sensitivity of tropical forest growth to precipitation.

Ecology 84:1165–1170

Staelens J, Houle D, De Schrijver A, Neirynck J, Verheyen K

(2008) Calculating dry deposition and canopy exchange

with the canopy budget model: review of assumptions and

application to two deciduous forests. Water Air Soil Pollut

191:149–169

STATSOFT (2005) STATSOFT (2005): STATISTICA for

Windows 7.1. Statsoft Inc, Tulsa, Oklahoma

Tanner EVJ, Vitousek PM, Cuevas E (1998) Experimental

investigation of nutrient limitation of forest growth on wet

tropical mountains. Ecology 79:10–22

ter Steege H, Pitman NCA, Phillips OL, Chave J, Sabatier D,

Duque A, Molino JF, Prevost MF, Spichiger R, Castell-

anos H, von Hildebrand P, Vasquez R (2006) Continental-

scale patterns of canopy tree composition and function

across Amazonia. Nature 443:444–447

Tobón C, Sevink J, Verstraten JM (2004a) Litterflow chemistry

and nutrient uptake from the forest floor in northwest

Amazonian forest ecosystems. Biogeochemistry

69:315–339

Tobón C, Sevink J, Verstraten JM (2004b) Solute fluxes in

throughfall and stemflow in four forest ecosystems in

northwest Amazonia. Biogeochemistry 70:1–25

Tukey HB (1970) The leaching of substances from plants. Ann

Rev Plant Physiol 21:305–324

Ulrich B (1983) Interaction of forest canopies with atmospheric

constituents: SO2, alkali and earth alkali cations and

chloride. In: Ulrich B, Pankrath J (eds) Effects of accu-

mulation of air pollutants in forest ecosystems. Reidel,

Dordrecht, The Netherlands, pp 33–45

Vasquez MA (1989) Mapa de Suelos de Costa Rica

Veneklaas EJ (1990) Nutrient fluxes in bulk precipitation and

throughfall in two montane tropical rain forests, Colom-

bia. J Ecol 78:974–992

Veneklaas EJ (1991) Litterfall and nutrient fluxes in two

montane tropical rain forests, Colombia. J Trop Ecol

7:319–336

Vitousek PM (1984) Litterfall, nutrient cycling, and nutrient

limitation in tropical forests. Ecology 65:285–298

Vitousek P (2004) Nutrient cycling and limitation. Hawai’i as a

model system. Princeton University Press, Oxford and

Princeton
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s u m m a r y

So far stemflow has been underrepresented in studies of ecosystem ecology as it usually contributes less
than 10% to hydrological input to the forest floor. However, in terms of nutrient cycling, stemflow may
constitute an important pathway for the localized input of highly enriched solutes to the forest floor.
We measured stemflow hydrology and biogeochemistry in three different ecosystem types (primary for-
ests on ridge and ravine, as well as secondary forest) in South-West Costa Rica. Stemflow hydrochemistry
was mainly controlled by meteorology (precipitation magnitude and duration), ecosystem characteristics
(topography and plant area index) and species-specific traits (stem diameter and tree height). Stemflow
was enriched 7.5-fold in nutrients compared to bulk precipitation and 2.9-fold compared to throughfall.
In net stemflow most solutes (especially DOC and K) were leached, while inorganic nitrogen and phos-
phorus (i.e. NO3 and PO4) were retained along the stemflow pathway. Computation of multiple regression
models allowed dissecting the contributions of canopy exchange and dry deposition processes to net
stemflow fluxes. Net stemflow was dominated by canopy exchange processes and to a lesser extent by
dry deposition fluxes. Including throughfall and litterfall nutrient flux data we calculated that stemflow
comprised 1–10% of dissolved internal recycling of nutrients and up to 1.5% of total aboveground nutrient
returns. However, dissolved returns by canopy exchange via throughfall plus stemflow contributed up to
50% of total aboveground nutrient return. This demonstrates that stemflow per se represents a small but
localized proportion of total above nutrient recycling but that total dissolved returns of (highly available)
nutrients and DOC can be important as a part of the internal nutrient cycle of tropical rainforests.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Only recently the notion that stemflow represents a minor part
of the hydrochemical cycle of tropical forests has been challenged
(Germer et al., 2010). Although in many tropical forests stemflow
represents only a small fraction of hydrological input to the forest
floor (1–10% of total precipitation) in others it can contribute >20%
(Herwitz, 1986a; Hoelscher et al., 1998; Levia and Frost, 2003).
Moreover, stemflow constitutes a highly enriched localized input
of nutrients (K, Ca, Mg, DON) near tree stems (Durocher, 1990;
Herwitz and Levia, 1997). Stemflow therefore represents an impor-
tant contributor to the ecosystem flux of water via preferential soil
water infiltration and to the internal recycling of nutrients by
strongly enhanced nutrient concentrations (Herwitz, 1991; Levia
and Herwitz, 2000).

Globally stemflow fluxes have been reported to be controlled by
factors like species assemblage (Herwitz, 1991; Levia and Herwitz,

2000), canopy structure (Crockford et al., 1996; Levia and Herwitz,
2002), meteorological conditions (Lindberg et al., 1986) and sea-
sonality (Soulsby et al., 1997). Among these controls meteorologi-
cal conditions and species-specific traits (stem diameter, branch
inclination, bark texture, and epiphyte cover) constitute the key
factors controlling stemflow hydrology and chemistry by affecting
the residence time of water (Levia and Herwitz, 2000). Compared
to temperate and boreal forests much less is known on the controls
of stemflow in tropical forests. Especially in tropical forest ecosys-
tems several architectural parameters may strongly affect stem-
flow as the nutrient and water flux in stemflow depends on stem
diameter, tree height and tree species, e.g. stemflow volume is sig-
nificantly greater for trees reaching the upper canopy than sub-
canopy trees (Hoelscher et al., 2003). The greatest amount of stem-
flow flux at plot scale, however, was attributed to trees below
10 cm in diameter at breast height due to their high abundance
(Germer et al., 2010; Manfroi et al., 2004). Therefore the quantity
of small but numerous trees may overrule higher stemflow yields
of canopy overstory trees. Nevertheless, few studies have investi-
gated the quantities and controls of stemflow fluxes in complex
tropical forest ecosystems.

0022-1694/$ - see front matter � 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jhydrol.2012.05.057

⇑ Corresponding author. Tel.: +43 1 4277 54254; fax: +43 1 4277 9542.
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This study is embedded within a larger project characterizing
above ground nutrient cycles (litterfall, throughfall, wet and dry
deposition, canopy exchange) in different forest types of the Golfo
Dulce region, SW Costa Rica (Hinko-Najera Umana and Wanek,
2010; Hofhansl et al., 2011; Weissenhofer et al., 2008). We report
results on water and nutrient fluxes in stemflow and applied statis-
tical and mathematical modelling techniques to (1) investigate the
factors controlling the hydrology and biogeochemistry of stemflow
(tree-level and plot-level basis), (2) to quantify the contribution of
dry deposition and canopy exchange processes to net stemflow
fluxes, and (3) relate these data to external and internal above-
ground nutrient fluxes in different types of wet tropical lowland
rainforest.

2. Materials and methods

2.1. Study area

The study was conducted in the vicinity of the Tropical Research
Station La Gamba (TRSLG; N8�4200300, W83�1200600, 70 m.a.s.l.) situ-
ated at the border of the Piedras Blancas National Park, in the prov-
ince Puntarenas in the Southwest of Costa Rica. The vegetation is
characterized by wet tropical lowland rainforest (Holdridge,
1967) covering from sea level up to 580 m altitude. Ultisols and
Inceptisols are the major soil types found in the region (Vasquez,
1989). Ultisols are strongly acidic, highly weathered soils, being
abundant especially on ridges and upper slopes. On lower slopes
and valley bottoms ultisols are replaced by moderately weathered,
younger Inceptisols (Pamperl, 2001).

Mean annual temperature (MAT) in a large opening (TRSLG)
was 27.4 �C and ranged from 26.5 �C to 28.1 �C on monthly average
(Weber et al., 2001). Inside the forest mean annual temperature
was 25.2 �C and humidity was high (98%) throughout the year
(Weissenhofer, 1996). Average annual bulk precipitation (MAP)
was 5910 ± 190 mm (1998–2010) with a moderate dry season
from January to March (monthly mean precipitation approx.
180 mm), and a pronounced wet season from September to
November (monthly mean precipitation approximately 800 mm).

2.2. Study design

Study plots where randomly established in three different forest
types: primary ridge forest (PRi; N8�4201600, W83�1202000,
120 m.a.s.l.), primary ravine forest (PRa; N8�4201600, W83�1201500,
80 m.a.s.l.) and secondary ravine forest (SRa; N8�4200100,
W83�1200900, 80 m.a.s.l.). Secondary stands were formerly used
for tree logging but have remained undisturbed for over 20 years.
Plots (0.04 ha) were set up in triplicate either as squares of
20 � 20 m, separated by a distance of >10 m and divided into sub-
plots of 10 � 10 m each, or as rectangles of 10 � 40 m subdivided
into subplots of 10 � 10 m and separated by 10–30 m due to spa-
tial restriction at the ridge forest site. Distance between sites was
approximately 1.5 km and each forest type was covered by
0.12 ha of survey area. Inside the 10 � 10 m subplots all tree spe-
cies above 10 cm diameter at breast height (DBH) where tagged
and determined to species level. In every fourth 10 � 10 m subplot
trees between 2.5 and 10 cm DBH were also tagged and deter-
mined to species level. Herbarium specimens were deposited in
the National Herbarium at the Museo Nacional (San Jose, Costa
Rica) and at the Biologiezentrum Linz (Upper Austria, Austria).
The plant (leaf) area index (PAI) was estimated by light absorbance
through the canopy using a SunScan probe v1.05 and the Sunshine
Sensor BF3 (Delta-T Ltd., UK) at five evenly spaced points per
subplot (n = 60 per site).

2.3. Sampling design

Sites were equipped with collectors for litterfall (10 per forest
type), throughfall (15 per forest type), stemflow (12 per forest
type) and soil water (6 per forest type), and two bulk precipitation
samplers were located in the opening at TRSLG. After each rainfall
event the total amount of water in collectors of bulk precipitation,
throughfall and stemflow was determined volumetrically using
measuring cylinders. We only provide information on stemflow
sampling in this paper as details on other sampling procedures
were reported in Hofhansl et al. (2011).

For the collection of stemflow, stems were classified into four
categories based on tree diameter at breast height (2.5–10, 10–
20, 20–30 and >30 cm DBH) and representative trees in each size
class (n = 3 per site) were selected in the field. In total (3 sites, 4
stem classes, 3 replicates) 36 individual trees were monitored.
Two types of stemflow collectors were used for trees above and be-
low 10 cm DBH. For trees <10 cm DBH, 0.5 L polyethylene bottles
were longitudinally cut on one side and mounted upside down
around the stems. Bottles were sealed to the stem by sanitary sil-
icone and connected to collection bottles of 1–5 L volume using sil-
icone tubing. Trees with a diameter >10 cm DBH were equipped
with a flexible tubing (garden hose) cut in half longitudinally and
fixed tightly around the tree trunks in a steeply sloped upward
spiral in order to avoid overflow. The tubing was stapled to the tree
trunk and silicone sealant was applied sealing the collar to the
trunk to avoid stemflow losses. Collection vessels (allowing up to
25 L of stemflow sampling from large trees above 30 cm DBH) were
connected to the flexible tubes when sampling was performed or
disconnected between sampling events.

Sampling for hydrochemistry was performed on an event basis
(n = 30) from February to April and August to October 2005 after
single rainstorms. Precipitation events below 5 mmwere discarded
in consideration of canopy interception storage. Of the total 30 pre-
cipitation events collected (4–133 mm rainfall), seven were stud-
ied for solute concentrations in stemflow. We individually
analyzed each collector sample to assess the heterogeneity of
stemflow fluxes and its controls, and therefore did not combine
them to pooled samples for each event, tree size class and plot.

2.4. Chemical analyses

Directly after sample collection the pH was measured in all
water samples at TRSLG using a Sentron ArgusX pH meter (Sen-
tron, Roden, Netherlands). However, due to technical problems
pH data are only available for four rainfall events. From each col-
lector two sample aliquots (15 mL) were then transferred into
20 mL HDPE vials and stabilized against microbial transformation
by addition of HgCl2 (30 lM end concentration, for TOC/TN analy-
sis) or Hg-Phenyl acetate (30 lM end concentration, for ion chro-
matography) and stored at �20 �C immediately after collection.
The following chemical analyses were conducted at the Depart-
ment of Terrestrial Ecosystem Research, University of Vienna,
Austria.

Inorganic anions ðCl�;NO�

3 ; SO
2�
4 ;HPO2�

4 Þ and cations (Na+, NHþ

4 ,
K+, Ca2+, Mg2+) were analyzed by HPLC (high pressure liquid chro-
matography, DX 500, Dionex, Vienna, Austria) and conductivity
detection. Anions were separated on an anion exchange column
(AS11, 4 � 250 mm, Dionex) using a linear KOH gradient (2–
30 mM in 6 min, total run time 10 min). Cations were separated
on a cation exchange column (CS16, 5 � 250 mm, Dionex) by an
isocratic method with methanesulfonic acid as eluent (30 mM
methanesulfonic acid for 26 min and 40 �C). Data analysis was per-
formed using Chromeleon Version 6.70 Build 1820.

Dissolved organic carbon (DOC) and total dissolved nitrogen
(TDN) were measured using high temperature Platinum-catalyzed

248 F. Hofhansl et al. / Journal of Hydrology 452–453 (2012) 247–258



85

CHAPTER 3

combustion with a Shimadzu TOC-VCPH/CPN/TNM-1 analyzer (Shi-
madzu, Japan). DOC is measured as non-purgeable organic carbon
after acidifying and purging the sample to free it from DIC. Carbon
is quantified using oxidative high-temperature combustion-infra-
red analysis of CO2 and nitrogen using oxidative high-temperature
combustion-chemiluminescence analysis of NO. Dissolved organic
nitrogen (DON) was calculated by subtracting dissolved nitrate and
ammonium (DIN) from measured TDN. Details of analytical perfor-
mance (e.g. linearity, limit of quantification, precision) are pre-
sented in Hofhansl et al. (2011).

2.5. Calculations

Stemflow (SF, Eq. (1)) is the fraction of open bulk precipitation
(BP) that runs down tree stems and thus is altered in hydrochem-
istry due to canopy exchange (CE) and dry deposition (DD)
processes:

SF ¼ BPþ CEþ DD ð1Þ

Volume-weighted mean concentrations (VWM, Eq. (2)) of each
stemflow and bulk deposition collector were used to express solute
concentration during the study period where Ci represents the con-
centration of a specific solute and Vi being the stemflow volume
during this event, and were calculated as follows:

VMW ¼
Pn

i¼1ðCi � ViÞPn
i¼1Vi

ð2Þ

Annual stemflow fluxes per tree (Eq. (3)) were calculated by
multiplication of volume-weighted mean values of each stem
(VWM(SF)) with the ratio of stemflow volume: bulk precipitation
volume of the respective tree during the rain events sampled
(
P

SFvol/
P

BPvol) times annual precipitation volume (BPannual).

SFflux ¼ VWM�
ðSFÞð

X
SFvol=

X
BPvolÞ � BPannual ð3Þ

Net stemflow flux (Eq. (4)) can be defined as the difference between
the solute flux in stemflow and in bulk precipitation:

NSF ¼ SF� BP ¼ CEþ DD ð4Þ

Net stemflow fluxes were calculated by two approaches: (1) an-
nual net stemflow fluxes for comparison to internal (litterfall and
canopy exchange) and external (bulk and dry deposition) inputs,
and (2) event based net stemflow for the calculation of a multiple
regression model investigating the contribution of canopy ex-
change and dry deposition processes to net stemflow.

Annual net stemflow (Eq. (4a)) was calculated as described for
annual stemflow flux per tree (Eq. (3)). To correct for variation be-
tween individuals of a size class at a site, the mean values of annual
SF for each stem class (2.5–10 cm, 10–20 cm, 20–30 cm, >30 cm
DBH) were multiplied with the number of tree stems per square
meter in the respective size class in a plot. Then annual solute
fluxes in bulk precipitation where multiplied with the quotient of
basal area to plot area of the respective tree size class and these
values were subtracted from the SF values. At last net stemflow
fluxes were summed over stem classes to calculate annual net
stemflow fluxes of the respective PRi, PRa and SRa forest plots.

NSF ¼ ½mean SFflux � ðstems=m2Þ� � ½BPflux

� ðbasal area=plot areaÞ� ð4aÞ

Event based net stemflow (Eq. (4b)) was calculated for each tree
and precipitation event by multiplication of solute concentrations
(SFconc, BPconc) times volumes (SFvol, BPvol) of the respective stem-
flow and bulk precipitation traps. Bulk precipitation fluxes were
multiplied with the quotient of basal area to plot area for individ-
ual tree stems to correct for the fraction of BP obtained in SF, and
subtracted from the respective stemflow fluxes. Again net stem-

flow fluxes were summed over stem classes to calculate event
net stemflow fluxes of the respective PRi, PRa and SRa forest plots
which then were used as input for the multiple regression model.

NSF ¼ ðSFvol � SFconcÞ � ½ðBPvol � BPconcÞ
� ðbasal area of tree=plot areaÞ� ð4bÞ

Based on these calculations of event net stemflowwe computed
a multiple regression model that was originally proposed by Lovett
and Lindberg (1984) for the separation of canopy exchange and dry
deposition components of net throughfall based on event sampling
(Eq. (5)):

NSFx ¼ aþ b1 � Aþ b2 � P ð5Þ

With this model it is possible to investigate whether a certain
element rather derives from dry deposition or canopy exchange
processes and therefore originates from external or internal
sources in terms of nutrient cycling (Hofhansl et al., 2011). A
similar model has recently been applied to net stemflow in tem-
perate oak-beech stands (Andre et al., 2008). In the regression
equation applied here factor b1 (dry period constant) and factor
b2 (bulk precipitation constant) represent coefficients of the cal-
culated linear model for A (antecedent dry period; in days) and P
(magnitude of precipitation; in mm) and a is the intercept term.
A negative canopy exchange coefficient (b2) indicates uptake of
the solute, while a positive coefficient points to canopy leaching
of the solute. For a given precipitation event DD is the product
of the dry deposition coefficient (b1) and the antecedent dry
period (A), while CE is the product of the canopy exchange
coefficient (b2) times the amount of precipitation (P). Multiple
regression model calculations were performed with the summed
net stemflow fluxes of the four stem classes on the respective
forest site per event. By multiplying the values for b1 by annual
number of dry days (80 days during the study year) and b2 by
the annual amount of precipitation (5840 mm during the study
year) we estimated the annual fluxes of dry deposition and
canopy exchange in stemflow.

As trees naturally differ in structural parameters (i.e. DBH and
height) we computed linear regression models as presented in
Manfroi et al. (2004) to calculate the value of stemflow commence-
ment (b0; i.e. the magnitude of precipitation needed to produce
stemflow by the respective tree stem) (Eq. (6)):

SFx ¼ b0þ b1 � BP ð6Þ

To investigate the controls of stemflow hydrology and hydro-
chemistry we computed linear models of stemflow yield or net
stemflow fluxes including the variables bulk precipitation (BP),
antecedent dry period (ADP), bark area (BA) and plant area index
(PAI) (Eq. (7)):

NSFx ¼ aþ b1 � BPþ b2 � ADPþ b3 � BAþ b4 � PAI ð7Þ

To estimate bark surface area (BA) we employed allometric
equations that relate tree dbh to stem bark surface area (SBA, Eq.
(8)) and branch bark surface area (BBA, Eq. (9)) (Whittaker and
Woodwell, 1967) and summed these estimates for each tree. These
equations were also used recently to examine the effect of bark
area on stemflow hydrology and hydrochemistry (Levia and Her-
witz, 2005). Though these equations have been developed for tem-
perate tree species, based on an exhaustive destructive sampling
campaign, the use of these equations provides a much better mea-
sure of bark surface area than calculating bark surface area from
tree dbh and height alone. By using the combined allometric equa-
tions for all the species sampled inherent differences among the
species are assumed to be balanced.

Log10SBA ðcm2Þ ¼ 2:6716þ 1:5881� log10dbhðcmÞ ð8Þ
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Log10BBAðcm
2
Þ ¼ 2:9319þ 2:0346� log10dbhðcmÞ ð9Þ

2.6. Statistical analyses

Statistical analyses such as one-way analysis of variance, linear
and multiple regression models were performed in R Development
Core Team (2008). The multiple regression approach critically de-
pends on several assumptions that have to be met (Osborne and
Waters, 2002). (1) Variables are normally distributed. Non-normally
distributed variables such as highly skewed variables, or variables
with substantial outliers can distort relationships and significance
tests. Kolmogorow–Smirnov test and Shapiro–Wilk test were run
to check for normality and in case of non-normality data were
Box–Cox-transformed (see below). (2) Assumption of a linear rela-
tionship between the independent and dependent variables. Multiple
regression can only accurately estimate the relationship between
dependent and independent variables if the relationships are linear
in nature. In case of non-linearity, the results of the regression
analysis will under-estimate the true relationship. Curvilinearity
was tested by using plots of the standardized residuals as a func-
tion of standardized predicted values, showing no departure from
linear relationships of Box-Cox transformed variables. (3) Variables
are measured without error (reliably). In multiple regressions effect
sizes of other variables can be over-estimated if the covariate is not
reliably measured, as the full effect of the covariate would not be
removed. In this study the precision and accuracy of measure-
ments of stemflow chemistry and stemflow volumes was typically
better than 5%. (4) Assumption of homoscedasticity. Homoscedastic-
ity means that the variance of errors is the same across all levels of
the independent variable. Slight heteroscedasticity has little effect
on significance tests; however, when heteroscedasticity is marked
it can lead to serious distortion of findings and seriously weaken
the analysis. This assumption was tested by visual examination
of a plot of the standardized residuals (the errors) by the regression
standardized predicted value, and by Bartlett test. Data transfor-
mation can help to minimize heteroscedasticity. In our case we
did not find heteroscedasticity in net stemflow fluxes after Box–
Cox transformation. (5) Other assumptions such as normal distribu-
tion of errors have been reported to be robust to violation, and oth-
ers are fulfilled in the proper design of a study, e.g., independence of
observations, as given in this study. We here applied Box–Cox
transformations of net stemflow data for the multiple regression
approach, to comply to the assumptions of multiple regression
analysis. The Box–Cox transformation represents a family of power
transformations that provide a potential best practice where nor-
malizing data or equalizing variance is desired (Box and Cox,
1964).

Differences in fluxes between study sites were investigated by
one-way ANOVA after testing whether the assumptions underlying
ANOVA were met by Bartlett test (homogeneity of variance) and
Shapiro–Wilk test (normality test). Kruskal–Wallis ANOVA was
calculated for data which did not meet homogeneity of variances
and normality after log-transformation. Tukey HSD multiple range
tests at the 95% level were calculated to test for differences be-
tween forest sites.

Statistical analysis investigating tree species assemblages were
computed with PRIMER 6.0 (Clarke and Gorley, 2006). After Bray
Curtis distances (Legendre and Anderson, 1999) of square rooted
data were calculated for nutrient fluxes, plant area index and tree
species composition of each plot, the matrices where related using
the Spearman Rank Correlation Method testing two resemblance
matrices for relationships between NSF and tree species assem-
blages, soil nutrient availability or PAI on the respective forest site.
This rank correlation method performs a test of the hypothesis that
there is no relationship between multivariate patterns from two

sets of samples and compares this with results from randomly per-
muted samples.

3. Results

3.1. Vegetation characteristics

Number of stems >10 cm per hectare did not differ significantly
between forest sites PRi (1148 ± 541), PRa (388 ± 113) and SRa
(681 ± 267) but between stem classes, decreasing on a logarithmic
scale with increasing stem diameter, from trees <10 cm DBH
(2300 ± 567) to trees 10–20 cm (383 ± 69.2), 20–30 cm
(150 ± 45.8) and >30 cm (122 ± 16.9) DBH. Standing stocks in
terms of aboveground biomass, however, revealed the inverse
trend increasing with diameter at breast height. Aboveground bio-
mass (Mg ha�1) increased from trees <10 cm DBH (15.95 ± 5.08) to
trees 10–20 cm (39.05 ± 5.93), 20–30 cm (61.66 ± 15.11) and
>30 cm (218.46 ± 29.01) DBH (Fig. 1). Plant area index (PAI) was

Fig. 1. Distribution of vegetation characteristics for (A) number of tree stems per
hectare, (B) basal area (m2 ha�1) and (C) aboveground biomass (Mg ha�1)
presented for the respective stem classes (<10 cm, 10–20 cm, 20–30 cm and
>30 cm DBH) and forest sites: PRi (white bars), PRa (black bars) and SRa (gray bars)
(Piedras Blancas National Park, SW Costa Rica). PRi – Primary ridge forest, PRa –
primary ravine forest, Sra – secondary ravine forest.

250 F. Hofhansl et al. / Journal of Hydrology 452–453 (2012) 247–258



87

CHAPTER 3

significantly higher at PRa (8.87 ± 0.24) compared to PRi
(7.78 ± 0.1) and SRa (6.82 ± 0.13) forest (F(2, 33) = 31.14, p < 0.001).
Tree height (m) was not significantly different between PRi
(19.08 ± 2.58), PRa (19.33 ± 2.96) and SRa (18.25 ± 2.63) forest
(F(2, 33) = 0.14, p = 0.87) but differed significantly between stem
classes <10 cm (6.78 ± 0.62) and 10–20 cm (17.44 ± 2.06) but not
between 20–30 cm (24.89 ± 2.25) and >30 cm (26.44 ± 1.08) DBH.
Therefore correlations of DBH and tree height showed a strong po-
sitive relationship with minor differences between stem classes
(Full Model: R2 = 0.77, p < 0.001).

3.2. Hydrology

In this study the hydrological flux via stemflow represented
0.7–1% of incident precipitation compared to 96% via throughfall
and 3% canopy interception (latter data from Hofhansl et al.
(2011)). Rainfall event size (n = 7, ranging from 4 to 133 mm)
was positively related to stemflow volume (ranging from 0.15 to
10.7 L) per tree and event (Fig. 1).

Computation of a generalized linear model (R2 = 0.40, p < 0.001)
investigating stemflow yield in relation to bulk precipitation, ante-
cedent dry period, bark area and PAI revealed significant influences
of precipitation amount (p < 0.001) and bark area (p < 0.001) but
not of the number of antecedent dry days (p = 0.20) and PAI
(p = 0.07) on stemflow yield (Table 1).

Based on the assumption that differences of tree height and
bark area of individual trees (tree species) will lead to differences
in stemflow yield, single regressions of stemflow catch (volume)
and precipitation magnitude were calculated for each tree as dis-
cussed in Manfroi et al. (2004). The calculated value of stemflow
commencement is a proxy for several vegetation characteristics,
i.e. tree height, DBH, bark texture and thus tree species. The mini-
mal precipitation magnitude required for stemflow production,
investigated by two-way ANOVA, did not differ significantly
(F(2, 24) = 0.48; p = 0.62) between forest sites PRi (19.1 ± 3.2 mm),
SRa (17.7 ± 2.7 mm) and PRa (15.5 ± 3.3 mm) but between stem
classes (F(3, 24) = 5.22; p < 0.01). Thus stems <10 cm DBH needed
significantly higher precipitation magnitudes (26.9 ± 4.8 mm) to
produce stemflow than stems 20–30 cm DBH (17.8 ± 2.9 mm),

stems >30 cm (13.0 ± 1.0 mm) and stems 10–20 cm
(12.0 ± 1.7 mm) (Table A1).

Trees >30 cm DBH collected most stemflow volume per event
and tree (R2 = 0.93, p < 0.001) followed by stems <20 cm DBH
(R2 = 0.55, p < 0.001) (Fig. 1). Interestingly trees 20–30 cm yielded
less stemflow (R2 = 0.92, p < 0.001) and least stemflow was accu-
mulated by the smallest stem class <10 cm DBH (R2 = 0.40,
p = 0.002). However, on a plot basis trees <10 cm DBH showed
highest abundance of stems per hectare (Fig. 2) and therefore col-
lected most overall stemflow volume on a plot basis. Two-way AN-
OVA of area-based stemflow volume showed non-significant
effects of site (F(2, 24) = 0.38, p = 0.68) and of the interaction of site
& stem class (F(6, 24) = 0.78, p = 0.59) but significant effects of the
factor stem class (F(3, 24) = 5.87, p = 0.004). Stemflow yield differed
significantly between stem classes. On a plot scale stems <10 cm
DBH exhibited highest precipitation inputs followed by trees 10–
20 cm, >30 cm and 20–30 cm DBH (data not shown).

3.3. Hydrochemistry

Two-way ANOVA of volume-weighted solute concentrations in
stemflow revealed significant effects of the factors site and stem
class (Table 2). Analyzing forest sites for differences in volume-
weighted stemflow concentrations revealed that Mg
(F(2, 24) = 6.17; p < 0.01), Cl (F(2, 24) = 5.95; p < 0.01), SO4

(F(2, 24) = 5.91; p < 0.01), DOC (F(2, 24) = 4.37; p < 0.05) and DON
(F(2, 24) = 4.84; p < 0.05) showed significant differences between
forest sites, with generally highest concentrations at the PRi forest
site. Investigating stem classes for differences in stemflow solute
concentrations revealed differences for DOC (F(3, 24) = 6.87;
p < 0.01) and DON (F(3, 24) = 3.11; p < 0.05).

The enrichment ratios used here are based on concentrations
compared to flux-based enrichment ratios reported by e.g. Germer
et al. (2012). Compared to bulk precipitation and throughfall, vol-
ume-weighted solute concentrations in stemflowwere enriched by
a factor of 1–10 (Fig. 3). Average enrichment ratios for stemflow to
bulk precipitation were 7.5 ± 1.5, ranging from 5.5 (SRa) to 10
(PRi). For throughfall to bulk precipitation the average enrichment
ratio was 2.9 ± 0.5, ranging from 2.4 (PRi) to 3.5 (PRa). For stem-
flow to throughfall the average enrichment ratio was 2.3 ± 0.3,

Table 1
Results of multiple regression models investigating tree stemflow yield and hydrochemistry according to the predictor variables bulk precipitation (BP, mm), antecedent dry
period (ADP, days), bark area (m2), and PAI (m2/m2).

Coefficients SF yield Na NH4 K Mg Ca Cl NO3 SO4 PO4 DOC DON TDN

Intercept �1.19 11.30 �12.22 15.52 18.41 10.87 40.78 38.34 �1.73 1990.31 2058.45 �16.11 �7.21
SE 0.45 6.76 4.17 34.03 7.81 11.37 17.48 17.65 1.64 406.83 400.55 15.73 20.33
p-Value 0.01 0.10 0.00 0.65 0.02 0.34 0.02 0.03 0.29 0.00 0.00 0.31 0.72
BP (mm) 0.02 0.23 0.11 1.51 0.30 0.42 0.06 0.06 0.01 5.81 5.80 0.20 0.32
SE 0.00 0.04 0.02 0.20 0.05 0.07 0.05 0.05 0.01 1.25 1.23 0.05 0.06
p-Value 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.28 0.02 0.00 0.00 0.00 0.00
ADP (d) 0.04 0.67 0.26 10.26 1.22 1.19 3.79 3.34 0.47 52.66 66.20 2.48 2.71

SE 0.03 0.38 0.26 2.09 0.48 0.70 1.14 1.13 0.11 26.98 26.90 0.97 1.37
p-Value 0.20 0.08 0.32 0.00 0.01 0.09 0.00 0.00 0.00 0.05 0.01 0.01 0.05
Bark area (m2) 0.01 0.07 0.02 0.31 0.11 0.11 0.29 0.30 0.02 6.25 6.10 0.18 0.26

SE 0.00 0.01 0.01 0.07 0.02 0.02 0.04 0.04 0.00 0.86 0.85 0.03 0.04
p-Value 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PAI (m2/m2) 0.10 0.73 1.69 13.81 �1.69 0.40 3.18 3.45 0.32 �10.87 �18.44 6.20 9.11

SE 0.06 0.85 0.52 4.28 0.98 1.44 2.23 2.25 0.21 51.52 50.71 1.99 2.57
p-Value 0.07 0.40 0.00 0.00 0.09 0.78 0.15 0.13 0.13 0.83 0.72 0.00 0.00
R2 0.45 0.23 0.15 0.33 0.30 0.23 0.25 0.25 0.22 0.23 0.23 0.24 0.25
F-statistic 49.43 13.70 10.00 25.09 22.14 15.56 20.96 20.60 17.97 18.81 19.06 16.59 20.80
p-Value 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Data represent predictor coefficients ±1 standard error, coefficients of determination (R2) and p-values from linear models, combined for primary ridge (PRi), primary ravine
(PRa) and secondary ravine (SRa) forests (Piedras Blancas National Park, SW Costa Rica). Bold values indicate statistically significant relationships between net stemflow and
respective predictor variables (p < 0.05).
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ranging from 1.7 (PRa) to 3.3 (PRi). Stemflow was especially en-
riched in K, Cl, DOC and DON compared to bulk precipitation and
throughfall, stemflow showing higher enrichment ratios than
throughfall to bulk precipitation. Enrichment ratios for stemflow
to bulk precipitation were tested by two-way ANOVA for differ-
ences between sites and stem classes. For forest sites significant
differences could be found for Mg (F(2, 22) = 5.94; p < 0.01), Cl
(F(2, 22) = 6.72; p < 0.01), SO4 (F(2, 22) = 4.92; p < 0.05) and DON
(F(2, 22) = 4.84; p < 0.05) showing highest values at the PRi forest

site. Stem class affected stemflow enrichment for Mg
(F(3, 22) = 3.56; p < 0.05) and DOC (F(3, 22) = 5.71; p < 0.01) (Fig. 3).

Statistical comparisons of resemblance matrices were per-
formed applying Spearman rank correlations testing the relation
of soil fertility and net stemflow fluxes to species composition
and plant area index. Correlation for net stemflow showed that
nutrient fluxes of Cl (R = 0.33; p = 0.047) and DON (R = 0.46;
p = 0.008) were affected by species composition and fluxes of
NO3 (R = 0.40; p = 0.017) by plant area index. Further Spearman
Rank Correlations of soil fertility (i.e. soil water nutrient composi-
tion; data from Hofhansl et al. (2011)) and species composition
showed significant correlations for NH4 (R = 0.53; p = 0.001), K
(R = �0.34; p = 0.043), PO4 (R = �0.46; p = 0.004) and DOC
(R = �0.43; p = 0.008), whereas soil water concentrations of Ca
(R = 0.39; p = 0.019) and in particular nitrogen compounds like
NO3 (R = 0.75; p < 0.001), DON (R = 0.48; p = 0.005) and TDN
(R = 0.67; p < 0.001) were significantly correlated with PAI.

3.4. Net stemflow nutrient fluxes

Positive net fluxes of stemflow indicated the release of most sol-
utes with pronounced net stemflow of K (1.26 ± 0.15 kg ha�1 yr�1)
and DOC (2.75 ± 0.73 kg ha�1 yr�1) and in decreasing order of Cl
(0.57 ± 0.33), Ca (0.33 ± 0.06), Mg (0.16 ± 0.06) and TDN
(0.16 ± 0.03). In contrast negative net fluxes pointed to the reten-
tion of NO3 along the stemflow path in all forest types (Fig. 4).
Two-way ANOVA of net stemflow fluxes with the factors site and
stem class revealed similar patterns as the results from volume-
weighted solute concentrations except an additional significant ef-
fect of site on Na (F(2, 24) = 5.24; p < 0.05) with highest concentra-
tions at the PRi forest site. No significant differences were
evident for the factor stem class (Table 2).

The effect of meteorology and vegetation characteristics on
stemflow hydrochemistry was investigated by computing multiple
regression models of net stemflow fluxes for each solute including
the variables bulk precipitation, antecedent dry period, bark area
and PAI. Rainfall volume had a significant effect on most stemflow
fluxes (i.e. Na, NH4, K, Mg, Ca, SO4, PO4, DOC, DON, TDN) while
antecedent dry period showed less significant effects (K, Mg, Cl,
NO3 SO4, DOC, DON TDN). Bark area was an important factor influ-
encing stemflow hydrochemistry for all solutes while PAI only af-
fected N compounds (TDN, DON, NH4) and K (Table 1). All
significant correlations showed positive coefficients pointing to
an enrichment of the respective solute with the amount of bulk
precipitation, antecedent dry period, plant area index or bark area,
the latter three resulting in increased retention times of rain water
and thus enrichment in stemflow solutes.

3.5. Contribution of canopy exchange and dry deposition to net
stemflow

The multiple regression models of NSF versus rainfall volume
and antecedent dry period were highly significant throughout all
solutes for ‘‘all sites’’ combined (p < 0.001 and R2 = 0.49–0.84)
and also significant for the different sites, i.e. PRi, PRa, and SRa
(Table A2). Based on the coefficients for canopy exchange and
dry deposition annual fluxes were calculated (Table A3). No signif-
icant differences in canopy exchange or dry deposition were evi-
dent between forest types (Table A3), as indicated by the
overlapping confidence intervals of estimates for the three forest
sites (CI is calculated as the product of standard error times
1.96). Therefore, for comparative analysis of canopy exchange ver-
sus dry deposition in net stemflow, results of the multiple regres-
sion model combined for all three sites were used. Canopy
exchange fluxes were positive for all solutes, indicating strong
leaching from the forest canopy for DOC, K, Cl, Ca, Mg, Na, DON

Fig. 2. Stemflow yield (L) against (A) magnitude of bulk precipitation (mm) given
for stem classes <10 cm (open symbols), 10–20 cm (light gray symbols), 20–30 cm
(dark gray symbols), >30 cm DBH (black symbols) and for the respective forest sites
PRi (N), PRa (.) and SRa (d); (B) for different bulk precipitation event sizes (n = 7;
ranging from 4.2 to 133 mm) and (C) stem classes (<10 cm, 10–20 cm, 20–30 cm
and >30 cm DBH) for respective PRi (white bars), PRa (black bars) and SRa (gray
bars) forest sites (Piedras Blancas National Park, SW Costa Rica). PRi – Primary ridge
forest, PRa – primary ravine forest, Sra – secondary ravine forest.
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and TDN, ranging from 0.1 to 1.9 kg ha�1 yr�1. Canopy exchange
fluxes of NH4, NO3, SO4 and PO4 were lowest (0.003–
0.054 kg ha�1 yr�1). Dry deposition estimates were relatively high-
er for DOC, K and Cl but generally small compared to canopy ex-
change estimates and ranged from <0.001 to 0.25 kg ha�1 yr�1

(Table A3, Fig. 5).

4. Discussion

Generally stemflow was reported to range from 1% to 23% in
tropical forests (Hoelscher et al., 1998; Schroth et al., 2001; Tobon
et al., 2004) (see data compilation in Table 3). We here report low
values of 0.7–1% stemflow in three forest ecosystems of different
topography and successional state, which are situated slightly be-
low the median value of 2% for mature lowland tropical rainforests
(Table 3). However, aside of the hydrological role of stemflow
much less is known on its biogeochemical role and the controls
of net stemflow fluxes in tropical rainforests.

4.1. Controls of stemflow hydrology

We found that stemflow yield was related to several factors
such as meteorology (i.e. the magnitude of a precipitation event
and antecedent dry period) as well as vegetation characteristics
(stem diameter, tree height, bark texture and PAI). While the
amount of precipitation significantly increased the production of
stemflow, the length of the antecedent dry period did not signifi-
cantly affect stemflow hydrology. Coefficients of the multiple
regression model showed that precipitation volume was positively
related to stemflow volume, whereas length of antecedent dry per-
iod was negatively though not significantly related to stemflow
catch (Table 1). Bark area was positively related to stemflow catch
as emergent trees yielded most stemflow. PAI showed only a trend
(p = 0.07) in enhancing stemflow catches by channelling rainwater
to the trunk.

Interestingly precipitation events between 5 and 25 mm did not
result in significant enhancement of stemflow production, while
event sizes above 25 mm significantly increased stemflow volume
(Fig. 2). Therefore a certain amount of rainwater, wetting the sur-
face area of individual trees, is needed to produce minimal stem-
flow catch (offset or stemflow commencement value). This value

was calculated for each individual tree according to Manfroi
et al. (2004) but can be stated for stem class or forest site as well.
In this study offset values for stemflow commencement did not dif-
fer between forest sites but between stem classes (Table A1). This
is mirrored by the fact that stems with higher circumferences are
usually taller (R2 = 0.77, p < 0.001) reaching higher canopy strata
compared to small sub-canopy trees and therefore produce stem-
flow first (Hoelscher et al., 2003). Conversely bigger trees are gen-
erally older and therefore have greater epiphyte cover resulting in
the retention and deceleration of stemflow (Levia and Herwitz,
2000). Thus stems of the smallest stem class needed significantly
higher precipitation magnitudes (26.9 ± 4.8 mm) to produce stem-
flow than stems of bigger stem classes (12–17 mm) (Table A1).

While trees of the biggest stem class (DBH > 30 cm) collected
most rainwater and produced maximum amounts of stemflow
per mm precipitation, on a plot scale we found a negative correla-
tion between stemflow volume and stem diameter (but also with
plant area index). On all three forest sites trees of the smallest size
class (<10 cm) were the most abundant (1000–3000 stems/ha) and
collected 65–81% of overall stemflow at the PRa and PRi site
respectively. Therefore, on a plot scale, increasing tree height or
DBH did not result in higher stemflow production as the high num-
ber of trees <10 cm DBH overruled stemflow catches of the rela-
tively low number of trees >30 cm DBH (Fig. 2). This is also in
accordance to a study of Jordan (1978) where stems <10 cm in
DBH accounted for 80% of stemflow volumes. The differences in
distribution of stems per hectare is also mirrored in a tendency
of about 0.2% higher stemflow inputs at the PRi site, which can
be attributed to generally higher number of tree stems <30 cm in
DBH (Fig. 2). The higher number of tree stems <30 cm at the PRi
and SRa forest site can be attributed to higher turnover and distur-
bance at the secondary and ridge forest sites (e.g. development of
forest gaps due to drought or storms).

4.2. Controls of stemflow biogeochemistry

The comparison of stemflow between forest sites revealed no
significant differences in hydrological fluxes but distinct differ-
ences in biogeochemistry. While the amount of stemflow chan-
nelled to tree trunks comprised only approximately 1% of bulk
precipitation, nutrients in stemflow were enriched up to 10-fold
in comparison to throughfall and bulk precipitation. Average

Table 2
Volume weighted means of stemflow hydrochemistry (VWM, lmol L�1) in primary ridge (PRi), primary ravine (PRa) and secondary ravine (SRa) forests (Piedras Blancas National
Park, SW Costa Rica).

Site Stem class H Na NH4 K Mg Ca Cl NO3 SO4 PO4 DOC DON TDN

PRi 2.5–10 cm 16.4 7.87 16.3 72.1 9.23 26.4 40.0 0.53 7.65 0.66 308 7.34 24.1
PRi 10–20 cm 11.7 8.07 6.49 88.9 12 19.9 42.5 0.11 2.45 0.72 1606 44.1 50.7
PRi 20–30 cm 10.6 14.5 11.7 284 41.8 74.4 161 2.23 45.0 0.56 920 18.4 38.5
PRi >30 cm 117 31.5 7.7 96.4 40.1 27.6 178 0.38 10.5 0.14 533 17.8 25.9

PRa 2.5–10 cm 2.91 10.0 8.34 55.0 7.59 20.5 12.8 0.65 2.64 0.30 150 6.56 15.6
PRa 11–20 cm 5.62 9.53 8.49 116 7.5 23.3 41.7 0.34 2.16 1.17 205 15.4 18.5
PRa 21–30 cm 7.54 8.69 16.2 77.7 7.92 20.1 19.9 4.84 0.98 0.86 331 12.3 33.4
PRa >30 cm 4.39 6.84 9.86 79.3 10.6 24.7 14.7 0.34 1.81 0.51 673 36.9 47.1

SRa 2.5–10 cm 5.33 6.77 17.2 88.9 8.55 14.6 16.3 0.11 1.85 0.28 234 3.61 18.7
SRa 12–20 cm 5.23 14.7 10.1 107 16.3 35.1 26.8 0.21 1.97 0.26 791 25.8 26.6
SRa 22–30 cm 12.54 6.48 29.2 22.5 16.4 18.6 22.3 0.06 1.19 0.14 673 3.24 18.8
SRa >30 cm 8.09 5.72 14.0 13.4 28.2 16.5 11.7 0.13 0.9 0.74 442 8.61 22.7

Site PRi 156 61.9 42.2 541 103a 148 421a 3.26 65.7a 2.08 3367a 87.5a 139
PRa 20.5 35.1 42.9 328 33.6b 88.6 89.0b 6.17 7.60b 2.83 1359b 71.2ab 114
SRa 31.2 33.7 70.4 232 69.4a 84.8 77.1b 0.51 5.90b 1.41 2140a 41.3b 86.8

Stem class 2.5–10 cm 8.21 8.21 13.92 71.98 8.46 20.5 23.1 0.43 4.05 0.41 231b 5.84b 19.5
10–20 cm 7.52 10.8 8.36 104 11.9 26.1 37.0 0.22 2.19 0.72 867a 28.4a 31.9
20–30 cm 10.2 9.88 19.0 128 22.0 37.7 67.6 2.38 15.7 0.52 641a 11.3ab 30.2
>30 cm 43.2 14.7 10.5 63.1 26.3 22.9 68.1 0.28 4.41 0.46 550a 21.1ab 31.9

Data represent means. Tukey HSD post hoc test (b < a) indicates significant differences (p < 0.05) between sites or stem classes as analyzed by two-way ANOVA.
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enrichment ratios were 7.5 ± 1.5 for stemflow to bulk precipitation
and 2.3 ± 0.3 for stemflow to throughfall (Fig. 3). Generally we
found enrichment of the solutes Mg, Cl, SO4, DOC and DON with
increased elevation (PRi) and tree height (or DBH or bark area)
pointing to higher deposition rates at the ridge forest and increased
leaching rates with higher bark area due to higher residence time
of rainwater. To elaborate the influence of meteorology and vege-
tation characteristics on net stemflow nutrient fluxes we com-
puted generalized linear regression models (Table 1). While
precipitation magnitude had a significant effect on net stemflow
fluxes of all solutes but Cl and NO3, the length of antecedent dry
period resulted in increased K, Mg, Cl, NO3, SO4, DOC, DON and
TDN inputs via net stemflow. Bark area significantly affected all
solute fluxes, whereas PAI was found only significant for fluxes of
NH4, K, DON and TDN. The models were all highest significant
(p < 0.001) and explained a variable part of the variability in net
stemflow solute fluxes, ranging from R2 = 0.15 (NH4) to R2 = 0.32
(K) (Table 1).

The characteristics of leaching versus uptake processes of these
nutrients along the stemflow path was also visible in the sign of
net stemflow fluxes, where all nutrients except NO3 and PO4 con-
tributed to net inputs to the forest floor (positive NSF) while the
latter were retained or taken up by plant tissues (negative NSF,
Fig. 4). Similar results were obtained in earlier studies on the same
forest sites for throughfall (Hofhansl et al., 2011), showing net
retention of dissolved inorganic N and PO4, and an experiment
with epiphyte-laden branches, demonstrating rapid gross rates of
N uptake and exchange by the branch mesocosms and epiphytic
N retention (Hinko-Najera Umana and Wanek, 2010).

Net stemflow solute fluxes of different stem classes showed
that DOC and DON were significantly higher for trees <20 cm
DBH. This phenomenon may be explained by two facts: (1) small

Fig. 3. Concentration-based enrichment factors for (A) throughfall to bulk precip-
itation, (B) stemflow to bulk precipitation and (C) stemflow to throughfall of the
respective forest sites: PRi (white bars), PRa (black bars) and SRa (gray bars)
(Piedras Blancas National Park, SW Costa Rica). PRi – Primary ridge forest, PRa –
primary ravine forest, Sra – secondary ravine forest.

Fig. 4. Net stemflow fluxes indicating solute leaching (positive values) and solute
retention (negative values) on the respective forest sites: PRi (white bars), PRa
(black bars) and SRa (gray bars) (A), as well as net stemflow as a percentage of total
dissolved aboveground solute flux (B) and as a percentage of total aboveground
solute inputs (C). Data are given as means ± 1 standard error (kg ha�1 a�1) for
primary ridge (PRi), primary ravine (PRa) and secondary ravine (SRa) forests
(Piedras Blancas National Park, SW Costa Rica). NSF – Net stemflow, NTF – net
throughfall, LF – litterfall.
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trees (<10 cm) made up approximately 80% of total stems per hect-
are (Fig. 1) and (2) stemflow solute fluxes collected by understory
trees where reported to originate from throughfall drip points of
the upper canopy (which is enriched compared to rainfall) result-
ing in higher stemflow fluxes of understory trees with low stem
diameters. In contrast old trees with high circumferences are as-
sumed to exhibit lower net stemflow fluxes of essential nutrients
such as inorganic N and P because of rough bark texture and higher
epiphyte cover (Levia and Frost, 2003).

An influence of topography on net stemflow nutrient fluxes
could be confirmed for Na, Mg, Cl, SO4 and DOC that yielded high-
est fluxes at the exposed ridge (PRi) forest site (Table 2). Elements
like Na, Cl, Mg and SO4 usually derive from atmospheric deposition
of sea salt aerosols especially when measured at sites located near
to the seashore as was the case in this study (Filoso et al., 1999;

Hofhansl et al., 2011; Wanek et al., 2007). Topography may also af-
fect stemflow by effects on soil development and soil nutrient
availability as well as on tree species composition. Differences in
PAI, DBH and tree height indicate possible growth limitation of
the PRi forest where trees were smaller in height and DBH and
the canopy was more open (Table A1). Similar results were ob-
served for litterfall at the study sites, being depleted in N and P
at the ridge forest compared to valley bottom forest (Hofhansl
et al., 2011). This trend is also supported by a study of Homeier
et al. (2010) where aboveground biomass productivity was lower
on tropical ridge forest sites. On the contrary values of plant area
index (PAI) were highest at the PRa site and therefore attributed
to the more fertile ravine forest site that showed higher concentra-
tions of soil nutrients (Hofhansl et al., 2011), a trend also found by
others (Homeier et al., 2010). This is also in accordance with higher
soil water nutrient concentrations on the PRa forest site (Hofhansl
et al., 2011) and the fact that soil solution nitrogen and calcium
were positively related to PAI, major nutrients for the build-up of
plant biomass including leaf cell walls.

Tree species composition was shown to significantly affect the
hydrology and biogeochemistry and thus contribute to the spatial
variability of throughfall fluxes (Schroth et al., 1999, 2001). Previ-
ous analyses of throughfall chemistry on the same study plots
could not confirm any effect of species diversity on throughfall
chemistry, due to high species diversity and multiple canopy strata
contributing to nutrient enrichment of throughfall (Hofhansl et al.,
2011). To our knowledge to date no studies investigated the effect
of tree species composition on stemflow nutrient fluxes in tropical
rainforests. For stemflow, we found a significant effect of tree spe-
cies composition on net stemflow fluxes, though only those of Cl
and DON were influenced. In turn soil fertility was argued to influ-
ence species composition (Gentry and Dodson, 1987; Gentry and
Emmons, 1987; Homeier et al., 2010) and thereby bark and foliar
nutrient concentrations which may subsequently affect nutrient
concentrations in net stemflow and net throughfall (Filoso et al.,
1999; Tobon et al., 2004). In this study soil fertility as indicated
by soil solution chemistry was also related to tree species compo-
sition and thus potentially to tree specific traits such as bark tex-
ture and plant nutrient concentrations that may affect net
stemflow fluxes.

4.3. Aboveground nutrient fluxes

The notion that stemflow is insignificant in the hydrological and
nutrient cycle of tropical forest ecosystems has recently been chal-
lenged (Germer et al., 2010). Given that at our study sites only 1%
of rainfall reached the forest floor via stemflow it is not surprising
that the inputs of the macro-elements such as C, N, K, Ca, Mg and P
by net stemflow were low compared to throughfall and litterfall,
net stemflow ranging from 0.01 (NO3) to 4.1 (DOC) kg ha�1 yr�1

(Fig. 4A). In comparison to other tropical studies on stemflow
nutrient fluxes (Table 3) our results were in the range of other
tropical forest ecosystems except being at the lower range for
DOC, NO3, P, Na and SO4 suggesting low anthropogenic impact
and low air pollution of the study area. The measured net stemflow
fluxes amount to a maximum contribution to aboveground nutri-
ent recycling (sum of litterfall, throughfall and stemflow) of about
1.3% for K and less for other elements such as Na, Mg and Ca
(Fig. 4C). In contrast we found higher contributions of net stemflow
to the hydrological (dissolved) return of nutrients to the forest
floor, i.e. net stemflow contributed between 1–2% (Na, K, NO3,
SO4, PO4, DON), 4–5% (NH4, Mg, Cl, DOC, TDN) and 11% (Ca) to total
dissolved aboveground element fluxes (Fig. 4B). As outlined in
Materials and Methods net stemflow represents the integral of
dry deposition and canopy exchange contributions. Therefore to
better understand the sources of elements in stemflow, being

Fig. 5. Contribution of canopy exchange and dry deposition to net stemflow fluxes
(A), canopy exchange as a percentage of internal aboveground solute cycling (B),
and dry deposition as a percentage of total atmospheric deposition (C). Data are
given as means ± 1 standard error (kg ha�1 a�1) for primary ridge (PRi), primary
ravine (PRa) and secondary ravine (SRa) forests (Piedras Blancas National Park, SW
Costa Rica). Numbers above bars in (B) indicate the contribution of canopy
exchange by stemflow to total canopy exchange via stemflow plus throughfall.
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either of external origin (dry deposition to bark and leaf surfaces)
or internal origin (canopy leaching) we for the first time extended
the multiple regression model according to Lovett and Lindberg
(1984) from forest throughfall (e.g. Hofhansl et al., 2011) to stem-
flow. This modelling approach demonstrated that generally leach-
ing processes contributed most of nutrient inputs to net stemflow
compared to dry deposition (Fig. 5A). Only for Cl, SO4 and PO4 dry
deposition made up 35–41% of canopy exchange fluxes via net
stemflow and about 12% for DOC, TDN and NO3.

Moreover, the modelling results allowed us to compare the rel-
ative importance of canopy exchange and litterfall for above-
ground nutrient recycling, without the compromising
contribution of wet and dry deposition to throughfall and stem-
flow fluxes. The data clearly indicate that dissolved fluxes via can-
opy leaching (sum of canopy exchange fluxes in net throughfall
and net stemflow) comprise a substantial fraction of internal
aboveground nutrient recycling, which represents the sum of can-
opy exchange plus litterfall (Fig. 5B). This particularly holds for
monovalent cations, i.e. 60% (Na) and 47% (K), but less so for diva-
lent cations (Mg, Ca) and other compounds and elements. Of the
total canopy exchange flux, stemflow contributed variably, e.g. be-
tween 24% (Ca), 10% (Mg), 8% (TDN), and 5–6% (Na, K, DOC). The
data therefore indicate that throughfall plus stemflow represent
an important pathway of nutrient recycling for K.

Though dry deposition fluxes in stemflow were minor, total dry
deposition – summed from net throughfall and stemflow contribu-
tions – represents a major input of elements to these tropical rain-
forests (Fig. 5C). Even in such humid areas as characteristic for the
study site with MAP close to 6000 mm, dry deposition contributed
60% (DON), 30% (TDN), �20% (K, Cl, DOC) but <10% (others) to total
atmospheric deposition, i.e. the integral of wet deposition (bulk
deposition) and dry deposition. Recently Hofhansl et al. (2011) –
measuring throughfall at the same sites and reviewing the litera-
ture (Filoso et al., 1999; Wanek et al., 2007) – arrived at a similar
conclusion, that previous calculations of atmospheric inputs to
tropical forest ecosystems have been profoundly underestimated
in many tropical areas.

Given the importance to understand controls of nutrient recy-
cling, to distinguish between external and internal nutrient
sources and to dissect internal recycling processes via particulate
and dissolved pathways, the approach as presented in this study
and a companion paper (Hofhansl et al., 2011) open up a new ave-
nue to understand the nature of element cycles in tropical rainfor-
ests, in response to current and future environmental and
anthropogenic drivers.
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2. Key Points (3 points, < 80 characters each) 26 

 We study the climate sensitivity of tropical forest aboveground productivity 27 

 Local site characteristics determine the response to climate anomalies 28 

 Climate sensitivity differs between tropical lowland forest types 29 

 30 

3. Abstract (< 250 words) 31 

The productivity of tropical forests is driven by climate (precipitation, temperature, 32 

light) and soil fertility (geology, topography). While large-scale drivers of tropical 33 

productivity are well established, knowledge on the sensitivity of tropical lowland net primary 34 

production to climate anomalies remains scarce. We here investigate seven consecutive years 35 

of monthly-recorded data (2006-2013) to study the response of tropical aboveground net 36 

primary production (ANPP) to a recent El Niño Southern Oscillation (ENSO) anomaly at 37 

forest sites located in southwestern Costa Rica. 38 

In general, the ENSO transition period (2009-2011) resulted in increased temperature 39 

and decreased precipitation during the El Niño dry-period, causing a decrease in ANPP. 40 

However, the subsequent La Niña wet-period led to disproportionate strong increases in 41 

ANPP such that drought-induced reductions were overcompensated. Most strikingly, the 42 

climate sensitivity of ANPP components differed between canopy production (CP) and wood 43 

production (WP). Whereas CP showed strong seasonal variation, WP decreased significantly 44 

in response to a 3°C increase in mean annual maximum temperatures during the El Niño 45 

drought period. Moreover the climate sensitivity of tropical ANPP components was affected 46 

by local topography and disturbance history of tropical lowland forest sites. 47 

Our results suggest that projected climate change could impact tropical carbon 48 

sequestration by shifting the partitioning of ANPP components (CP vs. WP) in response to 49 

climate extremes. We conclude that the impact of climate anomalies on tropical forest 50 
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productivity is strongly related to local site characteristics and thus will likely prevent 51 

uniform responses of tropical lowland forests to projected global changes. 52 

 53 

4. Index Terms and Keywords 54 

Aboveground net primary production, canopy production, El-Niño Southern Oscillation, 55 

lowland rainforest, wood production 56 

 57 

5. Text 58 

5.1 Introduction 59 

Tropical forests are key components of global water and carbon cycles and therefore 60 

highly relevant for earth climate processes [Field, 1998, DelGrosso et al., 2008]. In turn, 61 

climate and associated atmospheric conditions represent key factors driving primary 62 

productivity of tropical rainforests [Clark et al., 2001, Mulkey et al., 1997]. Hence, climate 63 

anomalies, such as those projected by global climate change scenarios will likely affect the 64 

productivity of tropical ecosystems [IPCC, 2007]. 65 

For instance it was reported that during El Niño periods decreased precipitation, soil 66 

moisture deficit and increasing temperatures negatively affect the productivity of tropical 67 

rainforest ecosystems [Clark et al., 2003; Phillips et al., 2009; Wagner et al., 2012]. In 68 

accordance, studies on tree-ring chronologies [Christie et al., 2009] and tree increments 69 

[Clark & Clark, 1994; Clark et al., 2003] indicated that increased temperatures and drought 70 

negatively affected aboveground net primary production (ANPP) in tropical forests. However, 71 

most studies investigating the climate sensitivity of tropical forests are based on single ANPP 72 

components, particularly on wood production (WP) and thus much less information is 73 

available on the climate sensitivity of canopy production (CP). Just recently, a unique long-74 

term study evaluating 12 years of annual ANPP and its relation to climatic factors reported 75 

that increasing minimum temperatures and greater dry-season water stress negatively affected 76 
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WP but not CP [Clark et al., 2013]. This indicates that climate controls on tropical ANPP 77 

cannot be deduced reliably from a single component of ANPP. Both components (CP and 78 

WP) together comprise ~90% of ANPP in tropical forests [Aragão et al., 2009], with average 79 

contributions of 53±14% for wood and 47±8% for canopy production [Malhi et al., 2011]. 80 

These contributions vary between sites [Malhi et al., 2011], but the environmental 81 

determinants of this variability are largely unknown. 82 

Despite the fact that relationships between canopy and wood production proofed weak 83 

[Dybzinski et al., 2011] and variable between continents [Shoo & VanDerWal, 2008; Malhi et 84 

al., 2011] such relationships have often been used to extrapolate single data sets of wood 85 

production (or of canopy production) to total ANPP, in order to investigate controls on ANPP 86 

at regional or global scales [e.g. Cleveland et al., 2011]. Based on such extrapolations, ANPP 87 

of tropical forests has been shown to be globally driven by mean annual temperature (MAT), 88 

mean annual precipitation (MAP) and soil phosphorous [Schuur, 2003; Raich et al., 2006; 89 

Cleveland et al., 2011]. However, a major weakness of simple climate metrics like MAT and 90 

MAP is that they are insufficient to capture the effects of seasonal and interannual climate 91 

variation on tropical forest productivity which are expected to be strongly affected by future 92 

climate change [Cleveland et al., 2011]. Therefore a major challenge in exploring the 93 

causality of climate-productivity relationships in tropical forests to date is the paucity of high 94 

resolution and long-term records on climate and primary production measured at the same site 95 

and over the same period of time [Clark, Brown, & Kicklighter, 2001a; Clark et al., 2013]. So 96 

far, respective climate controls could only be assessed at large scales, comparing tropical 97 

forests across wide climate and soil gradients but rarely over seasonal and interannual time 98 

scales. 99 

Only recently, a few studies have addressed this issue by investigating which factors 100 

control seasonal and interannual changes in tropical tree growth [Rowland et al., 2014, 101 

Gliniars et al., 2013, Mendivelso et al., 2014]. In general, they found that precipitation and 102 
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solar radiation were the main seasonal drivers of tropical tree growth [Wagner et al., 2014], 103 

while maximum temperatures [Gliniars et al., 2013] and increasing drought periods reduced 104 

tree growth [Mendivelso et al., 2014]. Furthermore, Rowland et al. [2014] demonstrated 105 

significant differences between tree functional properties and the degree of seasonality of tree 106 

growth, consistent with a hypothesized trade-off between maximum potential growth rate and 107 

hydraulic safety of tropical trees. Therefore fast-growing, low wood density, tall and broad-108 

stemmed trees experienced greater reductions in dry season increment than slower-growing, 109 

higher wood density trees, indicating that the functional composition of tropical forests is an 110 

important determinant of annual patterns of biomass accumulation [Rowland et al., 2014]. On 111 

the one hand, this suggests that long-term changes in climate variables might trigger shifts in 112 

species composition in favor of slow-growing, drought-tolerant species, which was reported 113 

in conjunction with an increase in forest biomass [Fauset et al., 2012]. On the other hand, 114 

more frequent short-term disturbances such as those linked to ENSO events typically increase 115 

the mortality of large trees [Phillips et al., 2010], which may trigger a decrease in stand-level 116 

biomass. Hence, projected short-term climate anomalies could possibly counteract the long-117 

term effects of increasing biomass due to shifts in species composition, and thus negatively 118 

affect the carbon sequestration potential of tropical lowland rainforests. 119 

In this study we investigated the sensitivity of tropical lowland ANPP to climate 120 

anomalies of a recent ENSO transition period (2009-2011) by analyzing seven consecutive 121 

years of monthly estimates of aboveground biomass increment (as a surrogate for WP) as well 122 

as total fine litterfall and leaf area index (as a surrogate for CP) at forest sites differing in 123 

topography and disturbance history in southwestern Costa Rica. We present data on the 124 

seasonal and interannual variation of CP and WP to elaborate significant relationships with 125 

interannual climate anomalies (multivariate ENSO index; MEI), and climatic drivers of bulk 126 

precipitation (BP), number of dry days (DD) as well as monthly maximum (Tmax) and 127 

minimum temperatures (Tmin). We furthermore consider local site characteristics associated to 128 
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topography and disturbance history that might determine the sensitivity of tropical WP and 129 

thus might affect the C sequestration potential of tropical lowland rainforests in response to 130 

projected climate anomalies. 131 

 132 

5.2 Material and Methods 133 

Study Area 134 

The study area is located at the border of the Piedras Blancas National Park, 135 

encompassing 148 km² of wet lowland tropical rainforest in the South-West of Costa Rica 136 

(Weissenhofer et al., 2008). Prevailing soil types are Ultisols and Inceptisols. The dominating, 137 

highly weathered, strongly acidic Ultisols on ridges and upper slopes are replaced by younger, 138 

moderately weathered Inceptisols at ravines and lower slopes [Pamperl, 2001]. To investigate 139 

the climate sensitivity of tropical lowland net primary production we selected three forest 140 

types differing in topography and disturbance history located in the surroundings of the 141 

Tropical Research Station La Gamba (TRSLG; N8°42'03'', W83°12'06'', 70 m.a.s.l.). The 142 

primary ridge forest (PRi; N8°42'16'', W83°12'20'', 120 m.a.s.l.) is tall, open and exposed and 143 

exhibits the highest species diversity in the region. The primary ravine forest (PRa; 144 

N8°42'16'', W83°12'15'', 80 m.a.s.l.) is species-rich and characterized by a high abundance of 145 

palms. The secondary ravine forest (SRa; N8°42'01'', W83°12'09'', 80 m.a.s.l.) was formerly 146 

used for tree logging and thus is relatively poor in species but has remained undisturbed for 147 

over 25 years. More detailed information on vegetation structure, tree species composition, 148 

soil parameters and nutrient contents can be found in earlier studies conducted at the same set 149 

of sites [see: Wanek et al., 2008; Hofhansl et al., 2011; Hofhansl et al., 2012]. 150 

Starting in 1997 daily records of climate data (precipitation as well as minimum and 151 

maximum temperature) were taken at the Tropical Research Station La Gamba [Weissenhofer 152 

1996; Weber et al., 2001]. During the study period (2006-2013) mean annual precipitation 153 

was 6100±600 mm, the mean number of dry days 85±13 days per year, the number of months 154 
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receiving less than 100 mm of precipitation 0.7±0.4 months, and mean annual temperature 155 

was 28.5±0.4 °C. Monthly mean precipitation ranged from 150 mm (Feb) to 870 mm (Oct) 156 

and was inversely related to the mean monthly number of dry days ranging from 2 days (Nov) 157 

to 16 days (Feb) per month (Figure 2). Mean monthly maximum temperature was 32.8±0.7 158 

°C, ranging between 31.3 °C (Oct) and 34.4 °C (Mar) and mean monthly minimum 159 

temperature was 24.2±0.2 °C, ranging between 23.4 °C (Jan) and 24.9 °C (Apr). 160 

 161 

Study Design 162 

In February 2005, plots (400 m2) were set up in triplicate either as squares of 20 x 20 163 

m, separated by a distance of >10 m and divided into subplots of 10 x 10 m each, or as 164 

rectangles of 10 x 40 meters subdivided into subplots of 10 x 10 m and separated by 10 - 30 m 165 

due to spatial restriction at the ridge forest site. Hence, each forest type was covered by 0.12 166 

hectare of survey area. In each subplot tree species above 10 cm diameter at breast height 167 

(DBH) as well as in every fourth subplot trees between 2.5 and 10 cm DBH where tagged and 168 

determined to species level. Herbarium specimens were deposited in the National Herbarium 169 

at the Museo Nacional (San Jose, Costa Rica) and at the Biologiezentrum Linz (Upper 170 

Austria, Austria). 171 

Aboveground biomass increment (ABI) was investigated by repeatedly measuring the 172 

diameters at breast height (DBH) of all trees approx. 1.30 m aboveground or above buttresses 173 

or other irregularities according to standard best-practice techniques [Clark, Brown, & 174 

Kicklighter, 2001a; Baker et al., 2004]. In February 2006 trees above 10 cm DBH were 175 

equipped with dendrometer bands (D1 permanent tree-girth tape-measures with diameter 176 

scale and spring, made of thermally inactive Astralon, UMS, Munich, Germany). Trees below 177 

10 cm DBH were measured (twice shifted by 90 degrees) using sliding calipers. 178 

Measurements were performed every month for trees >10 cm DBH and every 3 months for 179 

trees <10 cm DBH throughout the study period between 2006 and 2013. Tree height was 180 
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estimated for all trees of this study (n=349) using inclinometers (Suunto PM-5/360 PC 181 

clinometer, Valimoti, Finland) and wood density (ρ) was measured for 13 out of 61 tree 182 

species in this study for which data were not available in the literature. For the remaining 183 

species wood density data were retrieved from the global wood density database [Zanne et al., 184 

2009]. We used the allometric equation for wet forest stands (AGB = exp [-2.557+0.940 ln (ρ 185 

D² H)]) published by Chave et al., [2005] to calculate aboveground biomass increment in Mg 186 

ha-1 yr-1 [Keeland & Sharitz, 1993; Clark & Clark, 2000]. 187 

Fine litterfall (LF) was collected in litter traps (50 x 50 cm), fixed 100 cm above 188 

ground level. Traps were made of PVC tubing, covered by a 1x1 mm nylon mesh, and 189 

positioned in the center of ten of the twelve subplots in each of the three forest sites. Starting 190 

in February 2005, fine litter samples were collected in intervals ranging from 2 – 4 weeks and 191 

divided into leaf litter (consisting of leaves below 50 cm in length) and non-foliar litter 192 

(consisting of twigs below 2 cm in diameter, reproductive material and fine unidentifiable 193 

material), oven dried and weighed [Drage, 2007]. The sum of these fractions was used to 194 

calculate total fine litterfall in Mg ha-1 yr-1 [but see: Clark, Brown & Kicklighter, 2001a]. 195 

In this study we opted to investigate the seasonal variation of ANPP and therefore 196 

used aboveground biomass increment as indicator of wood production (WP), as well as total 197 

fine litterfall corrected for changes in leaf area as surrogate for canopy production (CP), at 198 

monthly time resolution. To that end, we calculated canopy production (CP in g m-2) from 199 

litterfall (LF in g m-2) corrected for changes in leaf area index (LAI in m2 m-2) times leaf mass 200 

area (LMA in g m-2) following the equation: CP = LF + (LAI t - LAI t-1) * LMA and then 201 

converted CP to Mg ha-1 for comparison to WP. LAI was estimated from ground-based 202 

measurements taken between February 2008 and August 2011 using a SunScan probe v1.05 203 

and Sunshine Sensor BF3 (Delta-T Ltd, U.K.), as well as from remotely sensed MODIS 204 

products available from the Land Processes distributed active archive center (LPDAAC; 205 

https://lpdaac.usgs.gov/products/modis_products_table/mcd15a2). The MCD15A2 product is 206 
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composited of 8 days data at 1-kilometer resolution on a Sinusoidal grid and includes global 207 

leaf area index (LAI3d) and the fraction of photosynthetically active radiation (FPAR3g). 208 

LAI3d and FPAR3g measures are available as world map images for each time point. The 209 

images have a resolution of 4320x2160 pixels, i.e. each pixel represents an area of 5 minutes 210 

of longitudinal and latitudinal extent. The pixel value represents the LAI3d/FPAR3g for the 211 

respective area. Value 250 means that no data are available for this area. The data extraction 212 

for a time series of LAI of a specific area was created with MATLAB (TM). The images were 213 

sorted according to the timestamps in their filenames. With the 'imread' function the images 214 

were loaded iteratively. The pixels of the corresponding desired map coordinates were saved 215 

in a list and exported as csv-files ('csvwrite') for further evaluation. We subsequently removed 216 

outliers defined as data beyond three standard deviations, applied a 12-months moving 217 

average smoother and then adjusted the LAI3d values obtained for each forest site to in-situ 218 

measurements of LAI, taken between February 2008 and August 2011 [Hofhansl et al., 2012]. 219 

Mean leaf mass area (LMA; 93.1 g m-2) was calculated as average from published literature 220 

providing LMA values for nearby tropical lowland forest sites in Costa Rica [Cavaleri et al., 221 

2010] and Panama [Asner et al., 2011]. 222 

 223 

Multivariate ENSO index 224 

Bimonthly values of the Multivariate ENSO Index (MEI) were obtained from the 225 

National Oceanic and Atmospheric Administration (NOAA - 226 

http://www.esrl.noaa.gov/psd/enso/mei/). MEI is a multivariate measure of the ENSO signal 227 

that is calculated as the first principal component in an analysis of sea level pressure, surface 228 

temperature, surface air temperature and cloudiness over the tropical Pacific Ocean [Wolter & 229 

Timlin, 1993; Wolter & Timlin, 2011]. Negative values represent the cold ENSO phase 230 

associated with heavy precipitation events (La Niña), while positive values represent the 231 

warm ENSO phase accompanied by droughts in the study region (El Niño). The ENSO cycle 232 
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year typically starts in May (year X) and ends in April (year X+1). We therefore calculated 233 

annual sums of climate and productivity variables for the corresponding periods from May 234 

2006 to April 2013. 235 

 236 

Statistical Analysis 237 

To test for effects of climate on forest productivity we linked daily records of climate 238 

variables i.e. bulk precipitation magnitude (BP), number of dry days (DD), maximum 239 

temperature (Tmax) and minimum temperature (Tmin) to collection intervals of litterfall (2-4 240 

weeks) and stem increment (1-3 months) using the aggregate algorithm in R (R Core Team 241 

2012). From the period of May 2006 to April 2013, we calculated monthly sums of canopy 242 

production (CP), wood production (WP), aboveground net primary production (ANPP), bulk 243 

precipitation (BP), and number of dry days (DD), as well as averaged monthly mean (Tmed), 244 

minimum (Tmin) and maximum temperatures (Tmax). Data distributions were analyzed for 245 

normality and non-normal data were log-transformed to attain normality. Prior to further 246 

analysis we removed outliers, defined as data that were beyond three standard deviations of 247 

the mean, from the dataset. Residuals of linear regression analyses were analyzed for 248 

normality and data with leverage and influence inconsistent with the full dataset were 249 

identified and removed. All statistical analyses were performed using R (R Core Team 2012). 250 

To further explore the climate sensitivity of tropical lowland net primary production 251 

and to separate patterns of interannual and seasonal variation we calculated annual sums and 252 

monthly means of climate and productivity variables and computed complementary statistical 253 

approaches: 254 

We calculated annual sums of climate variables recorded over the period 1997-2013 255 

and computed linear regressions to test for significant relationships of multivariate ENSO 256 

index (MEI) with mean annual precipitation (MAP), annual number of dry days (DD), mean 257 

annual maximum temperature (MATmax), number of months receiving <100 mm rainfall, 258 
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mean annual minimum temperature (MATmin) as well as the relationship between MAP and 259 

MATmax. We moreover calculated monthly means of climate and productivity variables 260 

recorded over the period 2006-2013 and computed a canonical correlation analysis (CCA) to 261 

visualize the relation of climate variables and productivity parameters with respect to the 262 

ENSO transition period (2009-2011). We furthermore computed multiple linear regression 263 

models of that dataset to investigate significant effects of multivariate ENSO index (MEI), 264 

precipitation magnitude (BP), number of dry days (DD) and maximum temperatures (Tmax) on 265 

canopy production (CP), wood production (WP) and aboveground net primary production 266 

(ANPP). 267 

We applied time series analysis and performed seasonal decomposition of time series 268 

into seasonal, trend and irregular components to test for patterns in interannual and seasonal 269 

variation of climate and productivity variables. Seasonal variation is calculated during the 270 

routine as the respective monthly mean of the study period (2006-2013), which then is 271 

subtracted from the time series to produce a seasonally de-trended interannual signal. We then 272 

computed linear mixed effects models (with interannual trend as fixed factor and seasonal 273 

variation as random effect) to test for significant trends in interannual climate and 274 

productivity signals during the time series (2006-2013). 275 

We calculated de-trended interannual and seasonal anomalies following Clark et al., 276 

[1994] by subtracting monthly means to derive the interannual anomaly and subtracting 277 

annual means to derive the seasonal anomaly dataset respectively. We used one-way ANOVA 278 

to test for significant differences in the seasonally de-trended interannual data set, as well as 279 

in the annually de-trended seasonal data set, respectively. We eventually performed lagged 280 

correlation analysis to investigate maximum correlation coefficients between seasonally de-281 

trended climate and productivity variables at different time lags and plotted Spearman’s R-282 

values for the correlation between climate and productivity variables to indicate the most 283 

significant drivers of tropical lowland net primary production. 284 
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 285 

5.3 Results 286 

During the period of May 1997 to April 2013 the most recent ENSO transition period 287 

(2009-2011) resulted in decreased mean annual precipitation (MAP) but increased mean 288 

maximum annual temperature (MATmax) and number of rain free dry days (DD) as indicated 289 

by significant relationships with the multivariate ENSO Index (Figure 1). During the study 290 

period (2006-2013) the ENSO anomaly reduced MAP from an average of 6100 mm to 5360 291 

mm during the 2009/10 El Niño and subsequently reached the highest value ever recorded of 292 

7950 mm during the 2010/11 La Niña, whereas MATmax increased by 3 °C during the 2009 293 

drought period (Figure 1; Figure 2). Moreover, the ENSO transition reduced ANPP by -20% 294 

in response to increased temperatures (+3° C) and decreased precipitation (-780 mm) during 295 

the El Niño period (2009/10), whereas subsequently ANPP recovered by +24% following 296 

disproportionate strong increases in rainfall (+1810 mm) during the La Niña period (2010/11), 297 

such that drought-induced ANPP reductions were overcompensated (Table S1). 298 

We moreover found that ANPP components of canopy production (CP) and wood 299 

production (WP) exhibited distinct patterns in seasonal and interannual variation (Figure 2; 300 

Figure 3). Whereas WP showed a strong interannual pattern peaking in 2011 (Figure 2), but 301 

did not respond significantly to seasonal climate variation (Figure 3; Table S1), CP in 302 

contrast, followed a strong seasonal pattern peaking in the dry season (Figure 3), but did not 303 

vary significantly between years (Figure 2; Table S2). Furthermore we found that ENSO 304 

affected the seasonality of climate variables, such that monthly mean bulk precipitation was 305 

significantly reduced and monthly mean maximum temperatures significantly increased 306 

during the El Niño period (Figure 3). 307 

A canonical correlation analysis helped to visualize the distinct relations of ANPP 308 

components to climate variables (Figure 4). Whereas WP was positively related to BP and 309 

Tmin and inversely to DD and Tmax, CP was positively related to DD and Tmax but negatively to 310 
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BP and Tmin. Moreover DD and Tmax were associated with the El Niño drought (2009/10), and 311 

opposed to BP and Tmin during the La Niña wet period (2010/11). Further investigation of 312 

multiple regression models revealed significant climatic controls on ANPP components. 313 

While DD showed no significant effect on ANPP and any of its components, BP was 314 

negatively related to CP and ANPP but not to WP. In addition, Tmin was negatively related to 315 

CP and ANPP, whereas Tmax negatively affected WP at the PRi and SRa but not the PRa 316 

forest site (Table 1). 317 

We furthermore applied decomposition of time-series to dissect seasonal and 318 

interannual climate variations and investigate seasonally de-trended interannual signals of 319 

climate and productivity variables (Figure 5). The analysis confirmed that interannual 320 

variations in the amplitude of climatic variables were associated with the ENSO signal. While 321 

MEI decreased during the period of 2006-2008 and peaked at the end of 2009, the de-trended 322 

interannual signal of BP showed a negative peak in 2009 (inverse but lagged to the de-trended 323 

interannual signal of DD) and thus indicated a prolonged period of drought during the El Niño 324 

period. Correspondingly the interannual trend of Tmax revealed a dramatic temperature 325 

increase of around 3 °C at the end of the dry period in 2009. However, interannual trends of 326 

the seasonally de-trended time-series were only significant for climate variables of DD 327 

(Chi2=69.33; p<0.001), Tmax (Chi2=5.91; p<0.05) and Tmed (Chi2=6.22; p<0.05; Table S3). 328 

Concomitantly, seasonally de-trended interannual time-series of ANPP components showed 329 

fluctuations in response to the ENSO signal (Figure 5). Whereas, CP showed no significant 330 

response to neither the dry-warm El Niño period (2009/10) nor the wet-cool La Niña period 331 

(2010/11), WP in contrast slightly decreased during the dry-warm El Niño period, but 332 

subsequently strongly increased due to a lagged response to the wet La Niña period (Figure 5; 333 

Table S3). As a result, ANPP decreased in response to the drought period, but subsequently 334 

showed a lagged recovery after the ENSO anomaly (Figure 5). 335 
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We eventually performed lagged cross-correlation analysis of seasonally de-trended 336 

climate and productivity variables (by subtracting monthly means to derive the interannual 337 

anomaly) and found that the recent ENSO anomaly (2009-2011) exhibited significant and 338 

moreover lagged-effects (ranging from 0 to 36 months) on tropical ANPP and its components, 339 

CP and WP (Table S4). The analysis revealed few significant effects of interannual climate 340 

fluctuations on CP but strong significant and lagged effects on WP and thereby on ANPP 341 

(Figure 6). Although MEI significantly decreased WP and ANPP during the first 12 months 342 

following the El Niño drought period, WP subsequently peaked 27 months after the drought 343 

anomaly due to a lagged response (12-15 months) to the La Niña wet period (Table S4). 344 

Whereas DD showed only weak effects on CP, WP and ANPP, BP primarily increased WP 345 

peaking 18 months after the drought and thus during the onset of the wet period. Interestingly, 346 

Tmin positively affected WP peaking after 9 and after 27 months, whereas Tmax negatively 347 

affected WP during the first 9 months following the drought but 27 months later showed 348 

strong positive effects on WP. We furthermore found that the climate sensitivity of WP 349 

differed between tropical lowland forest sites. Most strikingly, Tmax significantly decreased 350 

WP at the more exposed ridge (PRi) and secondary (SRa) forest sites, but did not significantly 351 

affect WP at the down-slope ravine (PRa) forest site (Figure 6). Therefore this analysis 352 

highlights the differential climate sensitivity of nearby tropical lowland forest sites in terms of 353 

WP (and thus C sequestration) to ENSO anomalies. 354 

 355 

5.4 Discussion 356 

Current predictions of increasing climate variability and climate extremes [Lintner et 357 

al., 2012] highlight the need of high resolution and long-term investigations of tropical NPP 358 

[Clark et al., 2013]. Only then effects of interannual climate variations such as those 359 

associated with El Niño Southern Oscillation (ENSO) can be distinguished from seasonal 360 

patterns in order to assess seasonally de-trended interannual climate-productivity couplings 361 
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and apply these as a proxy for global change effects on tropical ecosystems processes [Clark 362 

et al., 2007]. Hence, we here investigated the sensitivity of tropical lowland aboveground net 363 

primary production (ANPP) by evaluating a unique data set including seven years of monthly-364 

recorded data on tropical canopy production (CP) and wood production (WP) from forest sites 365 

differing in topography and disturbance history located in south-western Costa Rica. 366 

 367 

Seasonal variation and climate-productivity coupling 368 

What determines the seasonal and interannual variation of tropical ecosystem 369 

processes has become a recent subject of studies investigating the productivity of tropical 370 

forest ecosystems [Rowland et al., 2013; Malhi et al., 2013; Doughty et al., 2014]. So far, it 371 

remains unknown whether direct effects of climate on tropical NPP or rather inherent 372 

phenological rhythms in growth allocation dominate the growth response of tropical forests 373 

ecosystems to seasonal climatic signals. Nonetheless, more and more studies report on a 374 

decoupling between leaf and stem economics in rainforest trees [Baraloto et al., 2010] and 375 

thus suggested that changing tree growth rates could reflect shifts in NPP allocation between 376 

wood and canopy (or wood and fine root) components rather than changes in overall 377 

productivity [Doughty et al., 2014]. Similar to the findings in this study, it was reported that 378 

leaf and wood production showed asynchronous seasonal patterns, as leaf production peaked 379 

at the beginning of the dry season and wood production during the onset of the rainy season 380 

[Wagner et al., 2013]. Therefore, Malhi et al. [2014] suggested that phenological rhythms 381 

rather than direct climatic controls (such as water stress) drive tropical NPP allocation in 382 

Amazonian lowland forests. In accordance, the strong seasonality in NPP of Peruvian 383 

montane forests was reported to be driven by changes in photosynthesis and variation in solar 384 

radiation, such that trees invested more in biomass production in the cooler season with lower 385 

solar radiation and more in maintenance during the warmer high solar radiation period 386 

[Girardin et al., 2013]. As a result, temporal or spatial variation in the allocation of NPP 387 
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between wood, canopy and fine roots could have the potential to be an important feature 388 

determining the C sink-strength of tropical forest ecosystems [Doughty et al., 2014]. 389 

 390 

Sensitivity of lowland ANPP components to climate anomalies 391 

During seven consecutive years of monthly-recorded data on tropical forest ANPP in 392 

this study, we found that a recent ENSO transition (2009-2011) reduced ANPP by -20% in 393 

response to increased drought (-780 mm MAP) and maximum temperatures (+3° C MATmax) 394 

during the El Niño drought period. However, subsequently ANPP recovered by +24 % due to 395 

a lagged growth response after the La Niña wet period, such that drought-induced reductions 396 

were overcompensated (Figure 6). Interestingly this growth response was largely due to 397 

variations in woody biomass production rather than leaf production as we found that ANPP 398 

components of CP and WP followed distinct temporal patterns during the 84 months of the 399 

study period (Figure 2; Figure 3). Whereas CP showed strong seasonal variation (CV 81%; 400 

Table S2) but did not differ significantly between years (CV 13%; Table S1), WP showed less 401 

seasonal variation (CV 43%; Figure 3) but did respond more sensitively to interannual climate 402 

variation (CV 25%; Figure 2). This could indicate that WP rather than CP accounts for 403 

drought-induced reductions of tropical ANPP in response to interannual climate anomalies 404 

and thus would highlight the importance of WP in terms of the C sequestration potential of 405 

tropical forest ecosystems. 406 

Indeed, we here show that the ANPP components CP and WP responded to different 407 

climatic factors, such that CP increased with the number of dry days and maximum 408 

temperatures, whereas WP was positively related to bulk precipitation and negatively to 409 

maximum temperatures (Figure 4). Our findings emphasize recent studies investigating the 410 

climate sensitivity of tropical forests, reporting that ANPP in tropical forests was positively 411 

related to precipitation inputs and soil water content but negatively affected by maximum 412 

temperatures [Clark et al., 2013; Rowland et al., 2013; Gliniars et al., 2014]. Most strikingly, 413 
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this emerging pattern of climate-induced ANPP variation was found largely due to a response 414 

in wood production rather than litterfall [Vasconcelos et al., 2012]. Supporting this finding, it 415 

has been demonstrated that there exists a substantial decoupling between the irradiance driven 416 

leaf renewal and the water-driven wood production, triggering a temporal asynchronism in 417 

leaf and wood production in tropical forests [Wagner et al., 2013]. Therefore, in this study CP 418 

peaked during the dry season associated to high levels of irradiance, whereas WP was 419 

significantly reduced during the drought period but subsequently recovered significantly in 420 

response to increased water availability (Figure 6). 421 

In the advent of increasing long-term datasets on tropical forest productivity it was 422 

shown that there is significant interannual variation in total ANPP and each of its components 423 

in a Caribbean wet lowland rainforest region in northeastern Costa Rica [Clark et al., 2013]. 424 

However, whereas short-lived components (leaf, twig and reproductive litterfall) were not 425 

significantly related to interannual climate variation, the production of long-lived tissues 426 

(wood production) was negatively affected by water limitation and higher temperatures 427 

[Clark et al., 2013]. In accordance, we here found that WP (-24%) was the more responsive 428 

ANPP component compared to CP (-17%) to the El Niño drought period. Moreover, the 429 

investigation of lagged correlation coefficients (0-36 months) between ANPP components and 430 

climatic variables indicated that whereas CP followed a more seasonal pattern, WP more 431 

strongly responded to interannual variations in precipitation and temperature associated to the 432 

ENSO signal (Figure 6; Table S4). 433 

Adding to this, recent studies suggest that carbon allocation strategies in tropical 434 

forests trigger a temporal decoupling between NPP components [Doughty et al., 2014]. 435 

During their four-year high temporal resolution dataset from two forest plots in the Bolivian 436 

Amazon a strong 2010 drought strongly reduced photosynthesis, whereas NPP remained 437 

constant and even increased in the six-month period following the drought. The authors 438 

conclude that allocation trade-offs might dominate the response of tropical forest growth to 439 
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environmental changes due to carbon allocation priorities and non-structural carbohydrate 440 

storage in tropical trees. In detail, they reported that allocation initially increased towards the 441 

canopy followed by increased allocation to fine root production in the following year, such 442 

that trees grew wood more slowly because they prioritized the build-up of new leaves or roots 443 

during the dry period (Doughty 2014). We here similarly found a lagged response of tropical 444 

wood production during this study of seven-consecutive years of monthly censuses, such that 445 

WP peaked 27 months after the drought period (Figure 6). This might indicate that during 446 

drought anomalies initially increased CP is used to replenish carbon stores in tropical trees, 447 

followed by greater fine-root production to explore soil water resources, which finally results 448 

in increased wood production when water availability is restored after the drought period. In 449 

accordance, we found that whereas CP varied more seasonally, WP showed a strong decline 450 

during the 12 months after the drought anomaly but a strong increase in the 12-15 months 451 

following thereafter (Figure 6). 452 

Nonetheless, both ANPP components respectively increased by +52% (WP) and +18% 453 

(CP) after the drought period. Therefore the strong resilience of tropical ANPP components 454 

after the ENSO anomaly could indicate that wet tropical forests have the potential to 455 

overcome short-term ANPP reductions when water availability is recovered after the drought 456 

period. The strong resilience of tropical tree biomass production, as indicated by the marked 457 

response of tropical WP compared to CP, further suggests that tropical lowland forests 458 

possess the potential to strongly recover carbon stocks (and thus C sequestration) after short-459 

term climate anomalies. 460 

 461 

Effects of local site characteristics (topography and disturbance history) 462 

Beyond the results on seasonal and interannual responses of ANPP components to 463 

climatic signals we found a pattern indicating the importance of local site characteristics in 464 

determining the responses of tropical WP to large-scale climate anomalies (Figure 6). 465 



117

CHAPTER 4

 19 

Therefore reductions in WP were most prominent at the exposed ridge forest site (PRi; -35%) 466 

but less intense at the ravine forest site (PRa; -26%) and the downslope secondary re-growth 467 

forest site (SRa; -26%). This site-specific climate sensitivity was attributed to topographic 468 

differences in soil type and soil depth and thus water availability as was indicated by 469 

differences in soil bulk density and soil moisture between the respective study sites [Wanek et 470 

al., 2008]. It is therefore plausible that increased Tmax and decreased BP triggered drought 471 

stress of trees at the more exposed ridge forest and secondary regrowth forest site but did not 472 

significantly affect WP at the moist ravine forest site (Table 1). 473 

In accordance, a recent analysis investigating the response of tropical forest growth to 474 

seasonal and interannual drought in the Bolivian Amazon reported site-specific differences 475 

associated to topoedaphic characteristics of the respective forest site [Doughty et al., 2014]. 476 

The authors found that although soil type and soil texture were relatively similar between the 477 

two Amazonian forest plots, the major difference was due to differences in soil depth and thus 478 

water availability between shallow and deep soil plots. These topoedaphic differences caused 479 

increased water stress at the shallow-soil plot compared to the deep-soil plot and thus led to 480 

differences in the composition of tree species. Whereas the deep-soil plot inhabited species 481 

typical of humid regions, the shallow-soil plot comprised species more typical of a dry 482 

deciduous forest with more seasonal leaf and wood production. As a result, the shallow-soil 483 

plot showed a more regular seasonal but also substantial interannual variation in NPP, 484 

suggesting a greater drought sensitivity of dry deciduous tree species [Doughty et al., 2014]. 485 

Therefore, local topoedaphic characteristics associated with water availability have the 486 

potential to determine the composition of tree species, which in turn could have important 487 

consequences for the drought-tolerance of tropical lowland forests to climate anomalies. 488 

It has been shown that the drought sensitivity of tropical tree growth differed among 489 

Neotropical tree species, such that diverse growth responses among coexisting tree species 490 

were related to species-specific responses of wood formation to water availability 491 
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[Mendivelso et al., 2014]. Therefore, more sensitive species require more water and more 492 

efficient water transport for growth than less sensitive species and thus drought sensitivity is 493 

related to different life history strategies of drought-tolerant versus fast growing opportunistic 494 

species that determine water use and storage [Markesteijn et al., 2011]. Consistently, the 495 

sensitivity of wood production to climate variations was found to be associated to functional 496 

trade-offs between early and late-successional species in Amazonian lowland rainforests 497 

[Rowland et al., 2014]. In general, early successional tree species with low wood density 498 

rather invest into rapid growth to prevent shading, whereas late-successional climax species 499 

tend to be shade-tolerant but slow growing to reduce mortality risks [Rowland et al., 2014]. 500 

As a result, short-term drought anomalies could have the potential to kill trees selectively 501 

since fast-growing, light-wooded trees might be especially vulnerable to drought by cavitation 502 

or carbon starvation [Condit et al., 1996; McDowell et al., 2008]. In accordance, Phillips et 503 

al., [2009] found that Amazonian tree species dying during the drought period had lower 504 

wood densities than those dying before. Therefore, species with denser wood were less 505 

vulnerable to drought and thus may become dominant after longer periods of water deficit 506 

[Phillips et al., 2010]. Indeed, we here found some evidence for this relationship, as low wood 507 

density trees showed a trend of increased tree mortality of during the 2009/10 El Niño period 508 

(F=2.33; p=0.06, data not shown). 509 

Moreover, it was reported that long-term drought-induced shifts in the functional 510 

composition of tropical forest trees in favor of drought-tolerant species were associated with 511 

an increase in aboveground biomass [Fauset et al., 2012]. Similar findings of increasing 512 

biomass over recent decades in other African [Lewis et al., 2009] and Amazonian forests 513 

[Phillips et al., 2009] suggest that despite such long-term droughts these forests are capable to 514 

maintain their carbon stocks due to compositional shifts of tree species in response to low-515 

intensity disturbances [Fauset et al., 2012]. However, during more extreme and short-term 516 

droughts, in contrast, increased tree mortality dominates the proposed long-term natural 517 
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selection effects and thus causes substantial decreases in aboveground biomass [Fauset et al., 518 

2012]. 519 

Therefore our findings of differential responses of tropical ANPP between lowland 520 

forest sites could be based on differences in the composition and thus functional trade-offs 521 

among life-history strategies of tropical tree species. Indeed, earlier studies conducted at the 522 

same set of sites have found pronounced differences (92-99%) in the composition of tree 523 

species [Hofhansl et al., 2011] and reported differences in site-averaged wood density for 524 

primary ridge (PRi; 0.57 g/cm3), secondary ravine (SRa; 0.54 g/cm3) and primary ravine 525 

(PRa; 0.52 g/cm3) forest sites [Taylor et al., unpublished data]. Although the primary ridge 526 

forest site with the highest mean wood density faced the strongest reductions in WP (PRi; -527 

35%) compared to the lower wood density secondary (SRa; -26%) and ravine forest site (PRa; 528 

-26%), it also most strongly recovered by more than two-fold (PRi; +83%) compared to the 529 

secondary (SRa; +41%) and ravine forest site (PRa; +31%) after the drought anomaly. Our 530 

findings likely relate to inverse effects of topography on edaphic parameters (water 531 

availability) as well as on life-history strategies (drought tolerance) among tropical tree 532 

species that eventually determine the site-specific sensitivity of tropical lowland ANPP to 533 

climate anomalies. It is therefore plausible that the greater climate sensitivity of low-density 534 

trees at the moist ravine forest site (PRa) was buffered via high soil water availability and less 535 

temperature fluctuations, whereas high-density trees at the more exposed ridge forest site 536 

(PRi), though being better adapted to droughts, were more prone to anomalous climate 537 

extremes. This further indicates that on the one hand local topography and water availability 538 

overrides functional adaptations of tropical tree species in terms of drought tolerance, but on 539 

the other hand highlights that drought-adapted communities show a higher degree of 540 

resilience and recovery after such climate excursions. 541 

Overall, our results suggest that (1) the proximate short-term tolerance to the strong El 542 

Niño drought period is predetermined by topoedaphic factors such as soil water availability, 543 
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and (2) the functional adaptation of the respective tree species community could potentially 544 

compensate short-term disturbances via drought-induced shifts in tree species composition 545 

that further regulate the long-term sensitivity of tropical lowland rainforests to climate 546 

anomalies. 547 

 548 

Conclusions 549 

Predicted changes in tropical climate are stated to result in intermittent precipitation 550 

events and increasing temperatures, causing prolonged periods of drought and thus water 551 

deficit [Prentice et al., 2007]. Such climate excursions and long-term climate change might 552 

shift the carbon balance of tropical rainforest ecosystems towards decreased wood production 553 

and thus decrease the carbon stocks of high productive lowland forests. 554 

While short-term climate extremes generally trigger increased tree mortality, long-555 

term responses to periodic climate anomalies are related to species turnover and thus 556 

compositional shifts of the remaining tree species community. This indicates that tropical 557 

lowland forests are on the one hand prone to climatic changes, but on the other hand have the 558 

potential to maintain their carbon stocks by shifting tree species composition in favor of 559 

drought-tolerant species. 560 

Our findings of site-specific differences in drought sensitivity suggest that changes in 561 

future climate could differentially affect the carbon sequestration potential of tropical lowland 562 

rainforests, i.e. primary vs. secondary forests as well as uphill vs. downslope forests due to 563 

differences in local resource availability and tree species composition. 564 

Therefore, the spatial diversity of tropical lowland rainforests - associated with soil 565 

moisture and forest disturbance - will likely prevent uniform responses of tropical lowland net 566 

primary production to projected global changes and thus highlights the need of further high-567 

resolution and long-term studies in tropical forest ecosystems. 568 

 569 
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 770 

8. Tables 771 

Table 1: Effects of climate on tropical aboveground forest productivitya 772 

aResults of multiple regression models investigating the effects of monthly means of climate 773 

variables: multivariate ENSO index (MEI), number of dry days (DD), bulk precipitation (BP), 774 

minimum temperature (Tmin), maximum temperature (Tmax) on monthly means of tropical 775 

aboveground productivity: canopy production (CP), wood production (WP) and aboveground 776 

net primary production (ANPP) recorded during the period 2006-2013 at primary ridge forest 777 
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(PRi), primary ravine forest (PRa) and secondary ravine forest (SRa) located in south-western 778 

Costa Rica. 779 

 780 

9. Figures 781 

Figure 1: Relationship of multivariate ENSO index (MEI) with climate variables: mean 782 

annual precipitation (MAP), annual number of dry days (DD), mean annual maximum 783 

temperature (MATmax), number of months receiving <100 mm rainfall, mean annual 784 

minimum temperature (MATmin) as well as the relationship between MAP and MATmax 785 

recorded over the period 1997-2013 at the Tropical Research Station La Gamba, Costa Rica. 786 

Significant relationships are indicated by respective R2 and p-values. 787 

 788 

Figure 2: Interannual variation in annual sums of climate and productivity variables: dry days 789 

(DD), multivariate ENSO index (MEI), mean monthly maximum temperature (MATmax), 790 

mean annual bulk precipitation (MAP), mean annual leaf area index (LAI), mean monthly 791 

minimum temperature (MATmin) as well as annual sums of litterfall (LF), canopy production 792 

(CP), wood production (WP) and aboveground net primary production (ANPP) recorded 793 

during the period 2006-2013 at primary ridge forest (PRi; red bars), primary ravine forest 794 

(PRa; blue bars), and secondary ravine forest (SRa; green bars) located in south-western 795 

Costa Rica. Levels of significant interannual variation are indicated by asterisks (***, 796 

p<0.001; **, p<0.01; *, p<0.05; °, p<0.1; n.s., non-significant) and were calculated from 797 

seasonal de-trended variables using one-way ANOVA (see Table S1). Additionally colored 798 

bars in climate variables (DD, MEI, Tmax, BP, Tmin) represent respective climate anomalies 799 

during the El Niño dry period (white bars) as well as the subsequent La Niña wet period 800 

(black bars) compared to non-ENSO conditions (grey bars). The ENSO cycle year typically 801 

starts in May (year X) and ends in April (year X+1), we therefore computed annual sums of 802 



130

CHAPTER 4

 32 

climate and productivity variables for the corresponding periods from May 2006 to April 803 

2013. 804 

 805 

Figure 3: Seasonal variation in monthly means of climate and productivity variables: dry 806 

days (DD), multivariate ENSO index (MEI), mean monthly maximum temperature (Tmax), 807 

bulk precipitation (BP), mean annual leaf area index (LAI), mean monthly minimum 808 

temperature (Tmin) as well as monthly means of litterfall (LF), canopy production (CP), wood 809 

production (WP) and aboveground net primary production (ANPP) recorded during the period 810 

2006-2013 at primary ridge forest (PRi; red bars), primary ravine forest (PRa; blue bars), and 811 

secondary ravine forest (SRa; green bars) located in south-western Costa Rica. Bars represent 812 

monthly means and whiskers represent standard errors. Levels of significant seasonal 813 

variation are indicated by asterisks (***, p<0.001; **, p<0.01; *, p<0.05; °, p<0.1; n.s., non-814 

significant) and were calculated from interannual de-trended variables using one-way 815 

ANOVA (see Table S2). Additional line plots in climate variables (DD, MEI, Tmax, BP, Tmin) 816 

represent respective climate anomalies during the El Niño period (open symbols) as well as 817 

the subsequent La Niña period (closed symbols) compared to non-ENSO conditions (grey 818 

bars). The ENSO cycle year typically starts in May (year X) and ends in April (year X+1), we 819 

therefore computed monthly means of climate and productivity variables for the 820 

corresponding periods from May 2006 to April 2013. 821 

 822 

Figure 4: Canonical correspondence analysis indicating (A) the relation of monthly means of 823 

climate variables: multivariate ENSO index (MEI), number of dry days (DD), precipitation 824 

magnitude (BP), maximum temperature (Tmax), minimum temperature (Tmin) and productivity 825 

variables: canopy production (CP; green symbols), wood production (WP; red symbols) and 826 

aboveground net primary production (ANPP; blue symbols) recorded during the period 2006-827 

2013 at primary ridge forest (PRi), primary ravine forest (PRa) and secondary ravine forest 828 
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(SRa) located in south-western Costa Rica, as well as (B) the relation of climate variables 829 

(MEI, DD, BP, Tmin, Tmax) to the 84 monthly records of productivity variables (CP, WP and 830 

ANPP) with respect to the ENSO transition period (El Niño dry period 2009/10; La Niña wet 831 

period 2010/11). 832 

 833 

Figure 5: Seasonal de-trended time series of climate and productivity variables: dry days 834 

(DD), multivariate ENSO index (MEI), mean monthly maximum temperature (Tmax), bulk 835 

precipitation (BP), mean annual leaf area index (LAI), mean monthly minimum temperature 836 

(Tmin) as well as monthly means of litterfall (LF), canopy production (CP), wood production 837 

(WP) and aboveground net primary production (ANPP) recorded during the period 2006-2013 838 

at primary ridge forest (PRi; red bars), primary ravine forest (PRa; blue bars), and secondary 839 

ravine forest (SRa; green bars) located in south-western Costa Rica. Levels of significant 840 

variation in time series are indicated by asterisks (***, p<0.001; **, p<0.01; *, p<0.05; °, 841 

p<0.1; n.s., non-significant) and were calculated from seasonal de-trended variables using 842 

linear mixed effects models (see Table S3). Additional grey areas indicate the impact of the 843 

2009 El Niño drought period on climate and productivity variables. 844 

 845 

Figure 6: Spearman’s R values of lagged cross-correlations between seasonally de-trended 846 

climate variables: multivariate ENSO index (MEI), number of dry days (DD), precipitation 847 

magnitude (BP), minimum temperature (Tmin), maximum temperature (Tmax), mean 848 

temperature (Tmed) and seasonally de-trended productivity variables: canopy production (CP), 849 

wood production (WP) and aboveground net primary production (ANPP) recorded during the 850 

period 2006-2013 at primary ridge forest (PRi), primary ravine forest (PRa) and secondary 851 

ravine forest (SRa) located in south-western Costa Rica. Significant correlation coefficients 852 

are indicated by dashed lines (p<0.05) and were calculated from seasonal de-trended variables 853 

using lagged correlation analysis (see Table S4). 854 
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11. Supporting Material 859 

Table S1: Results of one-way analysis of variance (ANOVA) on seasonal de-trended 860 

interannual variations in climate variables: multivariate ENSO index (MEI), number of dry 861 

days (DD), precipitation magnitude (BP), minimum temperature (Tmin), maximum 862 

temperature (Tmax), and mean temperature (Tmed); as well as productivity variables: leaf area 863 

index (LAI), litter fall (LF), canopy production (CP), wood production (WP) and 864 

aboveground net primary production (ANPP) recorded during the period 2006-2013 at 865 

primary ridge forest (PRi), primary ravine forest (PRa) and secondary ravine forest (SRa) 866 

located in south-western Costa Rica. 867 

 868 

Table S2: Results of one-way analysis of variance (ANOVA) on interannual de-trended 869 

seasonal variations in climate variables: multivariate ENSO index (MEI), number of dry days 870 

(DD), precipitation magnitude (BP), minimum temperature (Tmin), maximum temperature 871 

(Tmax), and mean temperature (Tmed); as well as productivity variables: leaf area index (LAI), 872 

litter fall (LF), canopy production (CP), wood production (WP) and aboveground net primary 873 

production (ANPP) recorded during the period 2006-2013 at primary ridge forest (PRi), 874 

primary ravine forest (PRa) and secondary ravine forest (SRa) located in south-western Costa 875 

Rica. 876 

 877 

Table S3: Results of linear mixed effects models on seasonally de-trended time series 878 

investigating significant trends in climate variables: multivariate ENSO index (MEI), number 879 

of dry days (DD), precipitation magnitude (BP), minimum temperature (Tmin), maximum 880 
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temperature (Tmax), and mean temperature (Tmed); as well as productivity variables: leaf area 881 

index (LAI), litter fall (LF), canopy production (CP), wood production (WP) and 882 

aboveground net primary production (ANPP) recorded during the period 2006-2013 at 883 

primary ridge forest (PRi), primary ravine forest (PRa) and secondary ravine forest (SRa) 884 

located in south-western Costa Rica. 885 

 886 

Table S4: Results of lagged cross-correlations between seasonal de-trended climate and 887 

productivity variables indicating maximum correlation coefficients at different time lags (0-36 888 

month) for correlations between climate variables: multivariate ENSO index (MEI), number 889 

of dry days (DD), precipitation magnitude (BP), minimum temperature (Tmin) and maximum 890 

temperature (Tmax); as well as productivity variables: litter fall (LF), canopy production (CP), 891 

wood production (WP) and aboveground net primary production (ANPP) recorded during the 892 

period 2006-2013 at primary ridge forest (PRi), primary ravine forest (PRa) and secondary 893 

ravine forest (SRa) located in south-western Costa Rica. 894 
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SYNTHESIS

Tropical forests will likely experience major 
changes in environmental conditions during 
this century. Understanding the responses of 
tropical ecosystem functions to such changes is 
crucial to accurately predict future alterations 
of global carbon cycling (Zuidema et al., 2013). 
How tropical forests respond and feedback to 
climate and land-use change is however still lar-
gely unknown at the ecosystem and landscape 
level (Zhou et al., 2013). Although several com-
plementary approaches have been evaluated 
the results are conflicting due to confounding 
effects of multiple factors (Zhou et al., 2013). For 
instance mean annual temperature (MAT) was 
often found the main driver of tropical net pri-
mary production (e.g. Raich et al., 2006), howe-
ver, Cleveland et al., (2011) showed that this was 
only caused by temperature differences between 
warm lowland and cool montane forest sites. In-
stead, when the differences in temperature were 
accounted for, soil P was the next important pre-
dictor of lowland forest productivity, indicating 
the impact of local edaphic parameters (i.e. soil 
texture and fertility) on tropical aboveground 
productivity (Cleveland et al., 2011). Moreover, 
it was proposed that NPP of tropical forests pe-
aks at mean annual precipitation (MAP) inputs 
of about 2500 mm (Schuur, 2003) due to reduc-
tions of mineralization rates and decomposition 
processes in water-saturated soils.

Nonetheless, we here report among the hig-
hest wood increments and litterfall rates publis-
hed to date for tropical lowland forests thriving 
at high MAT (28° C) and MAP (6000 mm). These 
high rates of production were explained by high 
litterfall and decomposition rates, fast cycling of 
nutrients and continued supply of cations and 
phosphorus through high rates of weathering, 
tectonic uplift and erosion in the study region 
located in southwestern Costa Rica (Wanek et 
al., 2008). During the seven years of this study 
we observed distinct responses of the three in-

vestigated forest sites to climate fluctuations, 
which were related to the effects of local topo-
graphy, soil fertility and disturbance history of 
the respective study sites (Hofhansl et al., 2011; 
Hofhansl et al., 2012; Hofhansl et al., 2014). 
Whereas ravine forests were characterized by 
high water and nutrient availability and thus 
fast turnover, element cycling and high rates of 
primary production, ridge forests exhibited re-
latively lower aboveground productivity, and 
in secondary forests nutrient demand exceeded 
nutrient supply after disturbance as was indica-
ted by high nutrient use efficiencies (Wanek et 
al., 2008). As a result, respective site characte-
ristics eventually determined the sensitivity of 
tropical ecosystem processes to a recent climate 
anomaly. In the following, we discuss and com-
pare the patterns and mechanisms found in this 
study to present findings reported in the availa-
ble literature in order to evaluate future poten-
tial responses of tropical ecosystem functions to 
projected global changes.

In chapter one of this thesis we investiga-
ted the mechanisms driving carbon allocation 
in tropical rainforests using structural equation 
modeling to disentangle multiple drivers of tro-
pical NPP and evaluate interrelated pathways 
among environmental controls on tropical wood 
production in a literature synthesis of more 
than 100 pantropical forest sites. We identified 
a global pattern of increased wood production 
along tropical gradients in forest productivi-
ty, suggesting greater C sequestration in wood 
biomass in high productive lowland compared 
to low productive montane forests. Most stri-
kingly we found that, whereas along the pan-
tropical productivity gradient temperature and 
soil nutrient content indirectly enhanced wood 
production through increasing aboveground 
forest productivity, dry season length and the 
amount of precipitation both directly increased 
wood production via trade-offs along the plant 
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nistic tree species (Phillips 2009), in association 
with a net carbon release (Clark, 2004; Clark 
et al., 2013). On the other hand, over the long-
term less vulnerable drought-tolerant species 
could become dominant after long periods of 
water deficit (Phillips et al., 2010), in associati-
on with increasing aboveground biomass, thus 
suggesting increased C sequestration (Fauset 
et al., 2012). As a result, short-term reductions 
in C sequestration caused by increased tempe-
ratures and drought could be partially allevia-
ted by drought-induced shifts in the functional 
composition of tropical rainforest trees, favoring 
drought-tolerant species over less competitive 
species (Phillips et al., 2009) in the long run.

In chapter four of this thesis we investigated 
the climate sensitivity of tropical forest aboveg-
round productivity in response to a recent ENSO 
transition by evaluating a unique long-term da-
taset comprising seven years of monthly censu-
ses on tropical aboveground biomass increment 
and litterfall during the study period from 2006-
2013 at Costa Rican lowland forest sites differing 
in topography and disturbance history. Whereas 
during the El Niño drought period a 3°C tem-

economics spectrum according to the 
life-history strategy of tropical tree 
species (Fig. 8). Our results further 
imply that predicted increases in 
temperature and dry season length 
could potentially increase wood pro-
duction in montane tropical forests, 
but decrease wood production in 
tropical lowland forests that alrea-
dy thrive close to their thermal op-
timum. Concomitant decreases in 
annual precipitation (or increases in 
heavy precipitation with prolonged 
intermittent dry periods) could the-
refore decrease wood production in 
the most productive rainforests, thus 
causing C sequestration to decrease. 
Our results emphasize recent fin-
dings that indicated the importance of plant 
functional traits in association to life-history 
strategies of tropical tree species that determine 
the C sequestration potential of tropical forests.

Along the world-wide ‘fast-slow’ plant eco-
nomics spectrum (Reich, 2014) early successi-
onal, opportunistic tree species were found to 
rather invest into height growth to rapidly reach 
the canopy in the “race for light” (Wolf et al., 
2011). In contrast, late successional climax spe-
cies tend to be shade-tolerant but slow-growing 
to increase hydraulic safety and reduce morta-
lity risks during drought periods (Markestei-
jn et al., 2011, Poorter et al., 2009). As a result, 
periodic short-term drought disturbances, such 
as those associated with El Niño Southern Os-
cillation (ENSO) phenomena, could have the 
potential to kill trees selectively since fast-gro-
wing, light-wooded trees might be especially 
vulnerable to drought by cavitation or carbon 
starvation (Condit et al., 1996; McDowell et al., 
2008; Rowland et al., 2014). On the one hand, 
such short-term droughts were reported to in-
crease the mortality of fast-growing opportu-

figure 8: 
m e c h a n i s -
ms driving 
carbon al-
location to 
Wood pro-
duction in 
tropical fo-
rests. (sour-
ce: hof-
hansl et al., 

2014).

-0.25*** 0.55*** 

R2 = 0.39 

R2 = 0.36 

0.32*** 0.29*** 

0.38*** -0.39*** 

Total Model:  
χ2 = 4.81, P = 0.78, AIC = 30.81 

0.43*** 

MAT MAP DSL 

%WP 

ANPP 

Soil N:P 
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Niño drought period triggered water stress of 
trees at the more exposed ridge and secondary 
re-growth forest site, but did not significantly 
affect wood production at the moist ravine fo-
rest site. However, during the subsequent La 
Niña wet period wood production recovered 
by more than two-fold at the ridge forest site, 
indicating a higher degree of resilience and re-
covery of aboveground C stocks by the resident 
tree species community compared to the ravine 
forest site. We suggested that our findings relate 
to differences in tree species composition among 
the forest sites, due to functional adaptions and 
different life-history strategies of tropical tree 
species (Markesteijn et al., 2011). In accordance, 
we found pronounced differences (92-99%) in 
the species composition of the 379 tree individu-
als between the three lowland forest sites inves-
tigated (Hofhansl 2011). Additionally, we found 
differences in site-averaged wood density for 
primary ridge (0.57 g cm-3), primary ravine (0.52 
g cm-3) and secondary forest sites (0.54 g cm-3). 
We conclude that inverse effects of topography 
on edaphic parameters (water availability), as 
well as on life-history strategies (drought tole-

rance) among tropical tree species, 
eventually determined the site-spe-
cific sensitivity of tropical lowland 
aboveground forest productivity to 
climate anomalies. Hence, the gre-
ater climate sensitivity of low-den-
sity trees at the moist ravine forest 
site was buffered via high soil water 
availability and less temperature 
fluctuations, whereas high-density 
trees at the more exposed ridge forest 
site, though being better adapted to 
droughts, were more prone to ano-
malous climate extremes. Therefore 
our results indicate that, although 
the proximate short-term tolerance 
to the strong El Niño drought period 

perature increase significantly decreased wood 
production, concomitant increasing dry season 
length promoted canopy production (Fig. 9). 
Hence both processes were inversely related to 
bulk precipitation and peaked during different 
seasons. Beyond the seasonal and interannual 
responses of aboveground forest productivity 
to climatic signals a common pattern emerged 
indicating the importance of local site charac-
teristics in determining the response of tropical 
wood production to large-scale drought anoma-
lies. We found that drought-induced reductions 
in wood production were most prominent at 
the more exposed ridge forest site, followed by 
the secondary re-growth forest site, but less in-
tense at the downslope ravine forest site. This 
site-specific climate sensitivity was related to to-
pographic differences in soil type and soil depth 
and thus water availability, as was indicated by 
differences in soil bulk density and soil moisture 
between the respective study sites [Wanek et al., 
2008]. Hence, we suggested that due to diffe-
rences in soil depth and thus water availability 
between the forest sites, increased temperatures 
and decreased water availability during the El 

figure 9: 
c l i m a t i c 
c o n t r o l s 
on canopy 
produc tion 
and Wood 
produc tion 
in tropical 
f o r e s t s . 
( s o u r c e : 
hofhansl et 

al., 2014).
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et al., 2011), thus triggering increased aboveg-
round biomass (Hofhansl et al., 2012) and fo-
rest productivity (Hofhansl et al., 2014). Nonet-
heless, wood increment was still largest at the 
secondary re-growth forest site, demonstrating 
persistent biomass accumulation more than 20 
years after disturbance (Wanek et al., 2008).

Besides effects on tropical forest productivity, 
projected climatic changes are expected to acce-
lerate processes that operate within the hydro-
logical cycle as increasing temperatures enhance 
the capacity of the air to carry moisture (Wohl et 
al., 2012). The current understanding of key in-
teractions between climatic changes and hydro-
logic processes in tropical forests is limited geo-
graphically and relies heavily on modeling from 
remotely sensed rather than empirical data. 
Satellite-based monitoring of dynamic hydro-
logic variables such as evapotranspiration and 
rooting-zone water content however still poses 
a challenge, because optical and thermal sensors 
cannot penetrate clouds, and radar sensors have 
difficulty breaking through thick canopies in 
the humid tropics (Wohl et al., 2012). Therefore, 
precipitation products based on satellite obser-
vations typically present regional and seasonal 
biases, but they can be considerably improved 
by using gauge measurements of precipitation.

In chapter two and three of this thesis we 
investigated ground-based measurements of 
element fluxes via bulk precipitation, throug-
hfall and stemflow (plus litterfall; Drage et al., 
unpublished data) to examine the effects of 
local topography and disturbance on tropical 
hydrochemistry and compare external (atmo-
spheric dry and wet deposition) and internal 
nutrient cycling processes (litterfall and canopy 
exchange) in different types of Costa Rican low-
land rainforests. We found that besides litterfall 
constituting the major pathway of internal nu-
trient recycling, dissolved nutrient inputs via 
hydrological pathways of throughfall and stem-

is predetermined by local topo-edaphic factors 
such as soil water availability, the functional ad-
aptation of the respective tree species commu-
nity could potentially compensate short-term 
disturbances via drought-induced shifts in tree 
species composition that further regulate the 
long-term C storage of tropical lowland forests.

Community-wide differences in plant func-
tional traits influence the decomposability of se-
nesced tissue and thus potentially alter rates of 
biogeochemical cycling, depending on the phy-
logenetic structure of the species pool (Pietsch et 
al., 2014). It has been suggested that the legacy 
of plant functional traits results in plant-soil 
feedbacks, such that rapidly decomposing nu-
trient-rich litter maintains high soil fertility, 
whereas slowly decomposing nutrient-poor lit-
ter reduces the fertility of soils (Chapin, 2003). 
In accordance, recent studies conducted at the 
same set of Costa Rican lowland forest sites in-
dicated strong differences in litter decompositi-
on and turnover, as well as mineralization and 
nitrification rates between adjacent tropical low-
land forests (Drage, 2007). Whereas turnover 
rates of fine litter were significantly higher at 
the high productive downslope ravine site (3.7 
yr-1) compared to the exposed ridge forest and 
secondary re-growth forest site (both; 2.3 yr-1), 
nutrient use efficiencies for N, P and Ca2+ were 
highest at the ridge forest site (Wanek et al., 
2008), indicating a relatively stronger limitation 
of these nutrients at hilltop versus downslope 
sites. In turn, high nutrient cycling rates could 
be clearly related to high nutrient content, low 
C/N ratios and low nutrient use efficiencies of 
litter and soils at topographic depressions (Dra-
ge et al., unpublished data). This suggests that 
at the ridge forest site plant productivity was 
limited by relatively lower soil water and nutri-
ent availability, whereas at the primary ravine 
forest site increased soil water and nutrient sup-
ply enhanced nutrient cycling rates (Hofhansl 



147

SYNTHESISSYNTHESIS

ar N could enhance photosynthetic carbon gain 
and thus increase forest productivity (Wright et 
al., 2004). On the other hand, increased N de-
position could result in a further up-regulation 
of the tropical N cycle (Hedin et al., 2009) thus 
triggering increased N and cation losses and 
increasing soil acidification and aluminum toxi-
city, with a potentially negative effect on other 
nutrients limiting plant growth (Matson et al., 
1999). As nitrogen deposition over tropical land 
is projected to further increase due to anthro-
pogenic N emissions (Galloway et al., 2004) the 
competitive ability of trees that are in symbioses 
with nitrogen-fixing microorganisms is likely to 
decrease, potentially altering tree species com-
position (Hietz et al., 2011). However, across 
environmental gradients in Panamanian forests 
dry-season intensity and plant-available phos-
phorus rather than nitrogen availability were 
the main drivers of tree distributions, such that 
both rainfall patterns and soil phosphorus avai-
lability partition the community into species 
that preferentially grow at sites with high versus 
low phosphorus soils (Condit et al., 2013). While 
deciduous species may require high phospho-
rus due to frequent turnover of leaves (Givinish 
et al., 2002), low phosphorus specialists were 
found to acquire organic or recalcitrant inor-
ganic forms by associating with mycorrhizial 
symbionts efficient at phosphorus acquisition 
(Turner, 2008).

Terrestrial plants acquire most essential mi-
neral nutrients from soil by direct absorption via 
roots and indirectly via symbiotic mycorrhizal 
fungi (Lambers et al., 2010). Although the vast 
majority of tropical trees are capable of taking 
up phosphorous via both pathways, they are 
considered to depend primarily on symbiosis 
with mycorrhizal fungi to acquire phosphorous 
(Smith & Read, 2008). Moreover, plants limited 
by phosphorus show concomitantly low leaf 
nitrogen concentrations, reflecting the down-re-

flow derived from dry deposition and canopy 
exchange processes contribute up to 50% of 
total aboveground nutrient returns (Hofhansl 
et al., 2012). Moreover, topography most signi-
ficantly affected nutrient inputs via increased 
dry deposition at sites of higher elevation and 
via soil fertility increasing canopy exchange at 
downslope sites (Hofhansl 2011). Most interes-
tingly, dry deposition contributed 60% of DON, 
30% of TDN and 20% of DOC (and K+) to total 
atmospheric deposition (bulk precipitation, dry 
deposition), while canopy exchange contributed 
10% of P (and Mg2+) but more than 50% of K+ to 
internal nutrient returns (litterfall, canopy exch-
ange). This indicates the importance of dry de-
position and canopy exchange processes for the 
overall budget of available nutrients in tropical 
forests stocking on rather nutrient depleted tro-
pical soils. Moreover, the high rates of nitrogen 
inputs via dry deposition highlight the potential 
of increasing anthropogenic nitrogen deposition 
of reactive N that might affect nutrient cycles in 
terrestrial ecosystems.

In general, developing ecosystems are N li-
mited when symbiotic N fixation is constrained 
and P weathering inputs are high relative to at-
mospheric N deposition and plant N:P demand. 
However, as ecosystems develop over long 
timescales N accumulates and weathering de-
pletion favours P limitation on older soils when 
continual P inputs are low, so nutrient limitati-
on at the terminal equilibrium depends on the 
balance of these input and loss effects (Menge 
et al., 2012). In this regard, a recent study inves-
tigating long-term changes in the nitrogen cyc-
le of tropical forests found that leaf N and the 
ratio of 15N/14N isotopes in leaves as well as in 
tree rings increased substantially during recent 
decades (Hietz et al., 2011). These findings in-
dicate widespread increases in N availability in 
tropical forests due to increased anthropogenic 
N emissions. On the one hand, increases in foli-
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knowledge that plants growing in nutrient-poor 
habitats are characterized by functional traits 
that increase leaf lifespan and defense against 
herbivores (Poorter et al., 2009; Wright et al., 
2002). For instance, specific leaf mass per area 
was found to increase along gradients of nutrient 
limitation in order to reduce nutrient losses cau-
sed by herbivory (Wright & Canon, 2001). Whi-
le increased leaf longevity potentially increases 
the plant’s fitness, it concomitantly diminishes 
its growth potential (Lambers et al., 2008). On 
the other hand, fast-growing opportunistic spe-
cies rather invest in low-cost tissues to maintain 
high growth rates, at the risk of greater mortali-
ty (Kitajima, 1994). These investment strategies 
refer to the commonly accepted classification of 
fast-growing short-lived r-species that occur in 
frequently disturbed environments, opposed to 
longer-lived slow-growing K-species predomi-
nating under more stable conditions (Lambers 
et al., 2008).

In concordance, we found that at sites of se-
condary forest re-growth wood increment was 
largest and nutrient use efficiencies for N and P 
were higher compared to undisturbed primary 

gulation of their N uptake rate and 
assimilation (Lambers et al., 2010). 
In support of the “growth rate hypo-
thesis” plants require a high activi-
ty of rRNA (and thus P availability) 
to sustain rapid rates of protein (N) 
synthesis (Lambers et al., 2008). In 
turn, extracellular phosphate enzy-
me activities are highly responsive to 
changes in N and P supply, such that 
increasing N availability tends to in-
crease P cycling rates (Marklein et al., 
2012), indicating the tight coupling 
of N and P cycling in plants. Therefo-
re, globally increasing N deposition 
may induce terrestrial P limitation 
(Vitousek et al., 2010), although the 
up-regulation of phosphatase activi-
ty may delay the onset of P limitation by years to 
decades (Marklein et al., 2012). In the light of the 
finding that between 86% and 90% of plants are 
mycorrhizal on a global scale (Brundrett, 2009) 
and that plants adjust the rate of N and P cy-
cling (Lambers et al., 2010) in compliance to the 
complicated nature of coupled resource limit-
ation (Marklein et al., 2012), it is plausible that 
alterations affecting nitrogen availability, such 
as increasing N deposition, will also affect the 
cycling of other growth-limiting nutrients in tro-
pical forest ecosystems, where P availability was 
reported to limit productivity (e.g. Cleveland et 
al., 2011). Overall, these findings indicate that 
global environmental changes of increasing CO2 
and N deposition could have a fertilization ef-
fect on terrestrial net primary productivity, ho-
wever, the extent of that effect depends largely 
on nutrient availability of N and P in terrestrial 
ecosystems (Reich et al., 2006).

Although species traits that might govern 
the observed ranges of responses to soil phos-
phorus and drought are poorly understood in 
tropical trees (Condit et al., 2013), it is common 

figure 10: 
p a r t i t i o -
ning of net 
primary pro-
duction at 
forest sites 
d i f f e r i n g 
in topog-
raphy and 
di s t u r ba n -
ce history 
located in 
s o u t h W e s -
tern costa 
rica. (sour-
ce: Wanek et 

al., 2008).
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forest, indicating that nutrient demand for bio-
mass production exceeded nutrient supply due 
to the rapid growth of the secondary successi-
on (Fig. 10). Such a large demand for nutrients 
to allow re-growth and biomass accrual of se-
condary forests commonly leads to an intermit-
tent decrease in soil nutrient availability (Hug-
hes et al., 1999), as was also indicated by lower 
soil water concentrations of NO3

- and PO4
3- in 

the secondary forest site (Hofhansl et al., 2011). 
In contrast, concentrations of solutes that deri-
ved from canopy exchange processes (K+, DON, 
DOC) were most enriched in secondary forests 
due to less sclerotic but nutrient rich leaves of 
fast-growing early successional species (Poorter 
et al., 2004). This forest site was also characteri-
zed by high litter stocks and low turnover ra-
tes of fine and coarse litter, indicating reduced 
decomposition caused by alterations of litter 
quality and quantity during secondary forest re-
growth (Drage, 2007). In addition, total carbon 
stocks and aboveground biomass were lowest 
at the secondary forest site (Wanek et al., 2008) 
most probalbly due to the high number of tree 
stems below 30 cm in diameter above breast-
height (Hofhansl et al., 2012), and higher turno-
ver rates of fast-growing tree species in response 
to increased disturbance.

Global changes that lead to more frequent 
disturbances could therefore likely affect de-
composition and turnover rates, triggering 
alterations in nutrient limitation that further 
determine the quality of leaf litter and canopy 
leaching rates by shifting the composition of 
tropical tree species and associated plant func-
tional traits. As a result, projected alterations in 
climate and further anthropogenic N deposition 
could affect biomass turnover and decomposi-
tion rates via alterations in litterfall, litter qua-
lity and canopy exchange processes that overall 
foster fast-growing tree species and thus reduce 
C stocks in tropical forest ecosystems. Nonethe-
less, the high spatial and temporal variability of 
tropical ecosystem processes further highlights 
the need of high resolution and long-term stu-
dies, as well as manipulative long-term expe-
riments to reveal and disentangle interrelated 
environmental controls affecting tropical forest 
productivity. Knowledge of the underlying me-
chanisms - as indicated in this thesis - will be 
key to identify the responses of tropical ecosys-
tem processes and to accurately predict the C se-
questration potential of tropical forests in future 
scenarios of global climatic and anthropogenic 
changes.
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to my elder tristam flattery

The Age of the Mages is over, and all the secrets of their magical arts are thought to be lost to the world. 
There are even those who suspect that the last of the great Mages spent their final years scrupulously 
eradicating all traces of their craft from the pages of history – insuring that their art will never be 
practiced again. It is the dawn of a new era: an age of reason, science, and exploration, and Tristam 
Flattery, is one of its most promising young naturalists.
But when Tristam is summoned to the royal court of Farrland to try to revitalize a failing species of 
plant which seems to have mysterious, almost magical, medicinal properties – a plant without which, he 
is told, the aging king will surely die – he soon realizes that he has been drawn into the heart of a political 
struggle which spans generations, a conflict which threatens the very foundations of his civilization. 
And before long, Tristam is caught in the grip of a destiny which will lead him to the ends of the known 
world – on a voyage of discovery that has more to do with magic than with science...

sean russel - World Without end


