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Abstract Moisture availability has the potential to affect
tropical forest productivity at scales ranging from leaf
to ecosystem. We compared data for leaf photosynthetic,
chemical and structural traits of canopy trees, litterfall production and seasonal availability of soil water at four sites
across a precipitation gradient (1,800–3,500 mm year−1 )
in lowland Panamanian forest to determine how productivity at leaf and ecosystem scales may be related. We
found stronger seasonality in soil water potential at drier
sites. Values were close to zero at all sites during the wet
season and varied between a minimum of −2.5 MPa and
−0.3 MPa at the driest and wettest sites, respectively, during the dry season. Leaf photosynthesis and nitrogen concentration decreased with increasing precipitation, whereas
leaf thickness increased with increasing precipitation. Leaf
toughness and fiber/N ratios increased with increasing precipitation indicating reduced nutritional content and palatability with precipitation. Seasonality of litter production
and quality decreased with increasing precipitation, but
the amount of litterfall produced was not substantially different among sites. It appears that in Neotropical forest,
moisture availability is associated with leaf photosynthetic
and defensive traits that influence litterfall timing and quality. Therefore, variation in leaf physiological traits has the
potential to influence decomposition and nutrient cycling
through effects on litter quality.
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Introduction
One of the ways to understand responses of tropical
plants to water availability is to investigate patterns of leaf
physiology and productivity along natural precipitation
gradients. Water availability can have substantial effects
on the type of leaves that species produce. In the lowland
tropics, canopies of seasonally dry forest tend to be dominated by dry-season deciduous species, whereas canopies
of wet forest are usually dominated by evergreen species
(Santiago et al. 2004 Vázquez and Givnish 1998). A major
proportion of matter and energy flowing through terrestrial
ecosystems is cycled by the production, maturation,
senescence and eventual abscission of leaves. Therefore,
patterns of canopy leaf physiology and chemistry may
be predictive of processes occurring on the ecosystem
scale, such as litterfall production and the decomposition
characteristics of litter. The purpose of this synthesis is
to investigate whether leaf physiological traits of canopy
trees along a precipitation gradient in lowland Panama
are related to litter production and quality and whether
this relationship has the potential to shape nutrient cycling
dynamics.
Water availability has the potential to strongly affect productivity at both leaf and ecosystem scales in tropical forest.
At the leaf scale, seasonal water deficit may restrict carbon
gain in dry forest, favoring drought deciduous species
(Eamus 1999; Sobrado 1991). At the ecosystem scale,
recent studies of variation in aboveground net primary
productivity (ANPP) with mean annual precipitation
suggest that although ANPP increases with precipitation
up to 2,500 mm year−1 , at sites with higher rainfall, water
availability begins to exceed biological demand and ANPP
levels off or declines (Clark et al. 2001; Schuur 2003;
Schuur and Matson 2001). The potential mechanisms for
this pattern include increased rates of nutrient leaching,
reduced oxygen availability through soil waterlogging and
reduced light availability associated with clouds (Graham
et al. 2003; Santiago et al. 2000; Schuur and Matson 2001).
Litter decomposability and quality also appear to decline
with increasing precipitation in tropical ecosystems
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Fig. 1 The location of study
sites along the Panama Canal,
Republic of Panama, showing
isohyets (mm) of mean annual
precipitation

(Austin and Vitousek 2000; Schuur 2001; Vitousek et al.
1994). Therefore, litter may be an important link between
canopy leaves and soil-mediated ecosystem processes.
Understanding how leaf photosynthetic characteristics
vary with precipitation and how those characteristics are
related to litter quality may help place decomposition in an
evolutionary context. For example, species from nutrientpoor habitats tend to produce leaves with low photosynthetic rates that are slow to decompose (Chapin 1980).
There is also evidence that litter quality is related to variation in chemical and structural leaf traits (Cornelissen and
Thompson 1997; Grime et al. 1996); litter decomposability
can often be predicted by lignin concentration, which slows
decomposition and the release of mineral nutrients (Melillo
et al. 1982). However, little is known about how leaf physiological traits are related to litter quality and ecosystem
processes (Santiago 2002). We propose that understanding the evolutionary trade-offs that lead to selection for
deciduous canopy species in seasonally dry tropical forest
and evergreen canopy species in wet tropical forest may
allow prediction of decomposition dynamics and nutrient
cycling based on physiological characteristics that govern
plant carbon gain.
This study addresses how canopy tree species in lowland
forest respond physiologically and biochemically to water availability, and how these characteristics are related to
patterns of litterfall production and litter quality. Our main
objectives were to: (1) determine patterns of leaf photosynthetic capacity and structural defenses along a precipitation
Table 1 Characteristics for
study sites along a precipitation
gradient in lowland Panamanian
rainforest
a

Croat (1978).
Santiago et al. (2004).
c
Woodring et al. (1980).
b

gradient; (2) investigate whether photosynthetic capacity is
related to litterfall production; and (3) explore the consequences and implications of photosynthetic allocation
patterns for litterfall productivity and litter quality.
Study site and water availability
The study was conducted along a precipitation gradient
extending across the Isthmus of Panama in protected forest surrounding the Panama Canal (Fig. 1). The precipitation gradient extends from the relatively dry Pacific coast,
which receives 1,800 mm of precipitation annually to the
Caribbean coast, where annual precipitation is >4,000 mm
in some areas. Four 1-ha forest dynamics plots maintained
by the Center for Tropical Forest Science (CTFS) were
used to cover a range of mean annual precipitation from
1,800 mm to 3,500 mm (Table 1). All sites have a mean
monthly precipitation >100 mm during the wet season between May and December, but dry season length varies
twofold between the driest and wettest sites (Condit 1998)
(Table 1). In addition to variation in amount of precipitation, there is also variation in the length and intensity of
the dry season, which can be illustrated by variation in soil
water availability at the four sites (Santiago et al. 2004;
Fig. 2). During the wet season, when all sites receive abundant precipitation, soil water potential is near zero at all
sites along the gradient. However, during the dry season,
sites receiving less precipitation exhibit lower soil water

Site

Mean annual
Mean dry season
precipitation (mm) length (days)a

Minimum soil
water potential
(MPa)b

Parent materialc

Metropolitan Park
Pipeline Road
Fort Sherman
Santa Rita

1,800
2,300
3,100
3,500

−3.01
−1.42
−0.64
−0.32

Volcanic
Volcanic
Sedimentary
Volcanic

129
107
102
67
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Table 2 Study species from sites along a precipitation gradient in
Panamanian lowland forest. Phenological classification into deciduous (losing leaves for more than a few weeks), brevi-deciduous
(losing leaves once per year and immediately flushing a new set) and
evergreen based on field observations and the flora of Barro Colorado
Island (Croat 1978)
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Fig. 2 Time series of soil water potential ( soil ) from four lowland
forest study plots in the Panama canal zone determined between
15 cm and 20 cm depth (n=6). JFMAMJJASONDJF January
February March April May June July August September October
November December January February

potential, suggesting that minimum soil water potential
plays a role in distinguishing among sites in the context
of canopy phenology, leaf chemistry and photosynthesis.
Other climatic factors such as relative humidity and light
may also influence leaf physiological traits and are related
to precipitation inputs (Rand and Rand 1982). All sites
are lowland forest with altitude <400 m and mean annual
temperatures of approximately 26◦ C (Dietrich et al. 1982;
Santiago 2003).
Soils in the Panama Canal forests are rich in clay and
nitrogen and poor in phosphorus and potassium (Dietrich
et al. 1982; Yavitt et al. 1993). Soils in this area tend to
be well-drained (Kursar et al. 1995), suggesting that low
redox potential is not a strong factor in reducing plant productivity. A heterogeneous mosaic of geological formations
constitutes the parent material of the Panama Canal watershed. The 3,100-mm site is located on sedimentary parent
material, whereas the other three sites in this study lie on
volcanic parent material (Pyke et al. 2001; Woodring et al.
1980).
Species composition and phenology change rapidly
across this gradient; there is a decrease in the proportion of
dry season deciduous species with increasing precipitation
(Table 2). Species richness of trees with a stem diameter
≥10 cm increases with precipitation, from 36 species at the
1,800-mm site to 162 species at the 3,500-mm site (Pyke
et al. 2001; Santiago et al. 2004). The increase in species
richness with increasing precipitation in the tropics is a
well-documented pattern (Gentry 1988); recent analyses
from the Guiana Shield and the Amazon Basin suggest that
increasing dry season length limits the number of species
that can survive under a given climatic regime (ter Steege
et al. 2000). All study plots are located in mature forest
(>200 year), except the 1,800-mm site, which is a forest
of mixed age (70–100 year). Measurements on the largest
canopy trees at the 1,800-mm site are comparable to other
sites even though this forest is younger, because canopy
composition was representative of mature seasonally dry
forest (Croat 1978).

1,800 mm precipitation year
Anacardium
Anacardiaceae
excelsum
Astronium
Anacardiaceae
graveolens
Calycophyllum
Rubiaceae
candidissimum
Chrysophyllum
Sapotaceae
cainito
Enterolobium
Fabaceae
cyclocarpum
Luehea seemannii
Tiliaceae
Pseudobombax
Bombacaeae
septenatum
Spondias mombin
Anacardiaceae
2,300 mm precipitation year−1
Poulsenia armata
Moraceae
Pourouma bicolor
Moraceae
Sterculia apetala
Sterculiaceae
Tabebuia guayacan Bignoniaceae
Tapirira guianensis Anacardiaceae
Terminalia
Combretaceae
amazonica
Trattinickia aspera
Burseraceae
Virola sebifera
Myristicaceae
3,100 mm precipitation year−1
Aspidosperma
Apocynaceae
cruenta
Brosimum utile
Moraceae
Calophyllum
Clusiaceae
longifolium
Dussia mundia
Fabaceae
Manilkara bidentata Sapotaceae
Marila laxiflora
Clusiaceae
Poulsenia armata
Moraceae
Tapirira guianensis Anacardiaceae
3,500 mm precipitation year−1
Aspidosperma
Apocynaceae
cruenta
Carapa guianensis
Meliaceae
Cassipourea eliptica Rhizophoraceae
Erisma blancoa
Vochysiaceae
Sacaglottis trygynum Hernandiaceae
Sterculia costaricana Sterculiaceae
Virola koschnyi
Myrsticaceae
Zygia ramiflora
Fabaceae

Brevi-deciduous
Deciduous
Evergreen
Evergreen
Deciduous
Brevi-deciduous
Deciduous
Deciduous
Brevi-deciduous
Evergreen
Deciduous
Deciduous
Evergreen
Brevi-deciduous
Deciduous
Evergreen
Evergreen
Evergreen
Evergreen
Evergreen
Evergreen
Evergreen
Brevi-deciduous
Evergreen
Evergreen
Evergreen
Evergreen
Evergreen
Evergreen
Brevi-deciduous
Evergreen
Evergreen
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Canopy photosynthetic characteristics
Photosynthesis was measured on canopy sun leaves
throughout the wet seasons of 2000 and 2001. The eight
most common canopy species at each site were determined
by contribution to stand basal area and used for measurements of photosynthesis. Two to four individuals of each
species (15 leaves per species at a site) were measured with
an oxygen electrode (Björkman and Demmig 1987; Delieu
and Walker 1981). Maximum photosynthetic oxygen evolution rates per unit mass decreased with increasing precipitation (Fig. 3a). Area-based maximum photosynthetic
rates also significantly decreased with increasing precipitation, but the relationship was not as strong as mass-based
measurements (r2 =0.13; P=0.04; Santiago et al. 2004).
Leaf nitrogen concentration per unit mass decreased with
350
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r 2 = 0.42
P < 0.0001
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increasing precipitation (Fig. 3b) and was a good predictor
of mass-based photosynthetic rate (r2 =0.78; P<0.0001;
Santiago et al. 2004). Decreasing leaf nitrogen per unit
mass with increasing precipitation has also been reported
along precipitation gradients in Australia and is thought to
promote higher water use efficiency in drier sites (Wright
et al. 2001; Wright and Westoby 2002).
Variation in canopy photosynthesis and leaf nitrogen concentration has the potential to influence litter quality and
nutrient cycling following senescence. Nitrogen retranslocation efficiency (proportion of leaf nitrogen resorbed) varied from 34% to 68% with a mean of 50% for 12 canopy
species at the 3,100-mm site (Santiago 2003). Investigations from Australia found that nitrogen resorption did not
differ with site rainfall at a given level of soil nutrient availability and support the concept that selection to minimize
nutrient losses drives nutrient concentrations of senesced
leaves, rather than proportional resorption (Killingbeck
1996; Wright and Westoby 2003). Therefore, it is likely
that retranslocation efficiency falls within similar ranges
across this precipitation gradient, and that variation in photosynthesis and leaf nitrogen translate into litter quality by
determining litter nitrogen concentration and potentially
decomposition.
Minimum soil water potential explained 39% of variation
in maximum photosynthetic rate per unit mass (Fig. 4a).
Photosynthetic rates decreased from a range of 130.8–
289.8 nmol g−1 s−1 at the site with the largest seasonal
water deficit to 58.1–161.5 nmol g−1 s−1 at the site with
the most aseasonal water regime. Mean dry season length
explained 30% of variation in mass-based maximum photosynthesis (Fig. 4b), illustrating the relationship between
seasonality and maximum photosynthetic rate. Because
seasonally dry tropical forest is characterized by deciduous vegetation in contrast to evergreen species in wet forest, leaf life span is expected to be shorter and photosynthetic rate higher in seasonally dry forest than in wet forest
(Reich et al. 1997) resulting in a shift in the carbon fixation
strategy of plants with precipitation (Wright et al. 2001).
Although shifts in leaf photosynthetic traits along tropical
precipitation gradients may have been predicted based on
existing theory (Kikuzawa 1991), to our knowledge this
data set represents the first examination of photosynthesis
of tropical tree species along a broad precipitation gradient.

r = 0.21
P < 0.01
2000

2500

3000

3500

4000

Mean annual precipitation (mm)
Fig. 3 Relationship between mean annual precipitation and maximum net photosynthetic rate per unit mass (a) and leaf nitrogen
concentration (b) for the eight most abundant canopy tree species in
four Panamanian lowland forests

Leaf structural and chemical traits were evaluated on from
two to four individuals (15 fresh leaves per species at a
site) of the eight most common canopy species at each
site to determine whether variation along a range in precipitation is predictive of litter quality. Lamina thickness
increased with increasing precipitation (Table 3; r2 =0.30;
P=0.001; Santiago et al. 2004), and in part explains why
mass-based photosynthetic rates and nitrogen concentrations of canopy leaves decrease with increasing precipitation more strongly than area-based photosynthetic rates
and nitrogen concentrations (Santiago et al. 2004). Leaf
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Fig. 4 Relationship between maximum net photosynthetic rate and
minimum average soil water potential (a) and mean dry season length
(b) for the eight most abundant canopy tree species in four Panamanian forests on a precipitation gradient

toughness also increased with increasing precipitation
(Table 3; r2 =0.29; P<0.005; Santiago et al. 2004) suggesting that evergreen species in wet forest allocate more
to structural leaf defenses. Several explanations for increases in plant diversity with increasing precipitation in
lowland tropical forest include increased herbivore and
pathogen pressure with increasing precipitation, since aseasonally humid environments favor plant pests (Givnish
1999; Wolda 1988; Wright 1992). Therefore, increasing
leaf toughness of canopy species along this precipitation
gradient may reflect variation in herbivore pressure with
increasing precipitation in addition to the expected increase
in structural defense associated with evergreenness (Coley
et al. 1985). Increasing leaf toughness with increasing precipitation may also indicate that litter produced by evergreen species in wet forest may be more structurally
resistant to decomposition than litter derived from relatively thin leaves of dry forest species.
Canopy leaves are an important food source for animal
communities in tropical forest (Milton 1982), thus chemical and structural leaf adaptations to various precipitation
regimes may also be indicative of food quality. We observed higher fiber/nitrogen ratios from canopy species at
the two wetter sites (Table 3). High leaf fiber concentrations per unit nitrogen reflect relatively low nutritional content because fiber is undigestible by most insects (Hochuli
1996) and is negatively correlated with herbivory on mature leaves in Panamanian lowland forest (Coley 1983).
Therefore, decreasing food quality of canopy leaves with
increasing precipitation supports the prediction that herbivore and pathogen pressure is higher in wetter tropical
forest. Currently, few studies address how leaf chemistry
influences energy flow to herbivores and decomposers
simultaneously. However, several reports suggest that antiherbivore defenses may continue to function against
decomposers during decomposition (Grime et al. 1996;
Wardle et al. 2002). Patterns of leaf physiology, chemistry
and structural defenses identified across this precipitation
gradient suggest that lower food quality and higher allocation to structural defenses in wetter forest may contribute
to reduced litter quality.
Litter production and quality
Aboveground production of leaf litter accounts for approximately 25–35% of annual net primary productivity in

Table 3 Leaf thickness, toughness, and neutral detergent fiber/nitrogen ratio of the eight most common canopy tree species at four sites
along a precipitation gradient in lowland Panama
Site (mm precipitation year−1 )

Thicknessa (mm)

Toughnessa (kg)

Fiber/nitrogenb

1,800
2,300
3,100
3,500

0.205±0.029
0.250±0.025
0.329±0.029
0.309±0.026

83.3±17.9
107.9±25.5
184.7±32.9
175.6±26.0

23.99±3.46
25.19±2.75
39.68±5.6
34.81±4.61

a
b

Santiago et al. (2004)
Santiago (2003)
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a

Santiago (2003)

Site (mm
precipitation
year−1 )

Total
litterfalla (g
m−2 year−1 )

% as leaf
littera (%)

Leaf litter nitrogen
flux (g nitrogen
m−2 year−1 )

Leaf litter
lignin/nitrogena

1,800
2,300
3,100
3,500

1247.0
1003.0
1051.9
979.8

75.5
61.3
59.0
68.9

9.07
8.49
7.30
8.66

16.03±1.52
15.59±1.00
21.07±1.57
18.46±1.48

forest ecosystems (Schlesinger 1991), and represents an
important pathway connecting canopy leaves to ecosystem
processes such as decomposition and nutrient cycling. We
measured litter production using 10–0.25-m2 litter traps
randomly distributed in each 1-ha study plot. Litter was
collected 9–11 times at intervals ranging from 1 week to
12 weeks for the period between February 2001 and February 2002. Litter used in chemical analyses was collected
at intervals of 7–10 days in February–June 2001, October
2001, and February 2002. Litter collected at intervals >2
weeks were adjusted for mass loss within traps using decomposition data from the 3,100-mm site (Santiago 2003).
Leaf litterfall accounted for 59–76% of total litterfall in
this study (Table 4), and therefore connects canopy leaves
to soil nutrient pools. Although we observed no significant
variation in total litterfall production among sites in this
study (F=1.96; P>0.1), we found that dry-season deciduous species influenced the seasonality of litter production
(Fig. 5). At the drier sites, we observed a pulse of leaf
drop during the February dry season peak, and a gradual
decline in leaf litter production rates during the wet season
(May–November). However, at the wettest site, there was
little annual variation in litterfall production (Fig. 5) as evergreen species dominate and produce litter more evenly
throughout the year.
Nitrogen fluxes in leaf litterfall highlight the importance
of this nutrient pathway. Between 7.30 g m−2 year−1 and
9.07 g m−2 year−1 of nitrogen was returned to the forest floor through leaf litter (Table 4). These values fall
in a similar range to previously reported nitrogen fluxes
from reviews of tropical forest nutrient cycling (Leigh and
Windsor 1982; Vitousek and Sanford 1986). Based on the
review of Leigh and Windsor (1982), leaf litter contains approximately 75% of nitrogen in total litterfall. Therefore,
leaf allocation patterns of canopy trees have a substantial
bearing on how nitrogen is returned to the soil pool. For
example, if leaf litter is highly lignified (low litter quality),
then leaf litter nitrogen will enter the relatively recalcitrant
pool of soil organic matter and will become available to
plants at lower rates (Vitousek et al. 1994). Alternatively, if
leaf litter is composed of relatively labile carbon, nitrogen
in leaf litter will be released to the plant available pool at
higher rates.
The cumulative effects of allocation to leaf physiological and structural traits on decomposition and nutrient cycling of senesced leaves is reflected by litter quality. We
observed significantly higher lignin concentration of leaf
litter at wetter sites (F=11.76; P<0.001; Fig. 6), suggesting that interactions between climate, species composition
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Table 4 Total litterfall
productivity, percent of total
litterfall as leaves, leaf litter
nitrogen flux, and litter
lignin/nitrogen ratio for four
sites along a precipitation
gradient in lowland Panama
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Fig. 5 Time series of seasonality in leaf litterfall rate on four 1-ha
lowland forest sites in Panama that vary in mean annual precipitation
(n=10). yr Year, wk week

and physiology result in the production of poorer quality
litter with increasing precipitation. Litter quality is presumed to be the strongest determinant of decomposition in
tropical forests since these systems are less likely to have
decomposition rate limited by temperature and moisture,
relative to other biomes (Meentemeyer 1978). In addition,
studies of Metrosideros polymorpha, the dominant woody
species in Hawaii, suggest that litter quality can be at least
as important as site characteristics in determining leaf decomposition rates along precipitation gradients (Austin and
Vitousek 2000; Schuur 2001; Vitousek et al. 1994). The results presented along this range of precipitation in lowland
tropical forest suggest that interactions between climate and

Leaf litter lignin (%)
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species composition influence the timing and quality of leaf
litter production, but not necessarily total litterfall production. Further studies need to be initiated to determine the
relative importance of litter quality and site characteristics
in determining decomposition in lowland tropical forest
(Vitousek et al. 1994).
Synthesis
Our data indicate that variation in photosynthetic, chemical
and structural leaf traits of canopy tree species is related
to amount and seasonality of precipitation in Central Panamanian lowland forest. In seasonally dry forest, drought
deciduousness is more prevalent and species produce thin
leaves with high photosynthetic potential, in contrast to
sites with shorter, less intense dry seasons, which are dominated by relatively thick-leaved evergreen species. Leaf
photosynthetic and defensive traits were also related to litter quality supporting the idea that leaf physiology and
defense in tropical forest may vary along an axis that is
also predictive of litter decomposition rate and mineral nutrient release. Therefore, precipitation may regulate plant
community composition and productivity directly through
water availability, and indirectly through effects on litter
quality. The connection between photosynthetic capacity
and litter quality under natural conditions in lowland tropical forest suggest that integration of plant physiological
ecology and ecosystem science may prove fruitful in augmenting our understanding of the effects of plant species
and communities on ecosystem processes.
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