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Abstract
Aims
Both dominance distribution of species and the composition of the
dominant species determine the distribution of traits within community. Leaf carbon (C) and nitrogen (N) isotopic composition are important leaf traits, and such traits of dominant species are associated with
ecosystem C, water and N cycling. Very little is known how dominant
species with distinct traits (e.g. N-fixing leguminous and non-leguminous trees) mediate resource utilization of the ecosystems in stressful
environment.
Methods
Leaves of 81 dominant leguminous and non-leguminous trees were
collected in forest (moist semi-deciduous and dry semi-deciduous
ecosystems) and savanna (costal savanna, Guinean savanna and
west Sudanian savanna ecosystems) areas and the transitional zone
(between the forest and the savanna) along the transect from the
south to the north of Ghana. We measured leaf traits, i.e. leaf δ13C,
leaf δ15N, leaf water content, leaf mass per area (LMA) and C and
N concentration. Correlation analyses were used to examine trait–
trait relationships, and relationships of leaf traits with temperature
and precipitation. We used analysis of covariance to test the differences in slopes of the linear regressions between legumes and
non-legumes.

INTRODUCTION
The dominance distribution of species primarily determines
the distribution of traits within community or a functional
group species (e.g. primary producers). As species differ in
important traits (resource uptake efficiency, tolerance to water
and temperature stresses, etc.), the traits of the dominant

Important Findings
Leaf δ13C, δ15N, leaf water content and LMA did not differ between
leguminous and non-leguminous trees. Leaf N concentration and C:N
ratio differed between the two groups. Moreover, leaf traits varied significantly among the six ecosystems. δ13C values were negatively correlated with annual precipitation and positively correlated with mean
annual temperature. In contrast, leaf δ15N of non-leguminous trees
were positively correlated with annual precipitation and negatively
correlated with mean annual temperature. For leguminous trees, such
correlations were not significant. We also found significant coordination between leaf traits. However, the slopes of the linear relationships
were significantly different between leguminous and non-leguminous
trees. Our results indicate that shifts in dominant trees with distinct
water-use efficiency were corresponded to the rainfall gradient.
Moreover, leguminous trees, those characterized with relative high
water-use efficiency in the low rainfall ecosystems, were also corresponded to the relative high N use efficiency. The high proportion of
leguminous trees in the savannas is crucial to mitigate nutrient stress.
Keywords: leaf δ13C, leaf δ15N, leaf mass per area (LMA),
dominance, precipitation gradient
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species contribute more to aggregate processes in communities and ecosystems than the traits of rare species (Norberg
2004). Therefore, the dominant species play a major role in
determining habitat structure, the flow of energy and matter and community processes and properties (Dayton 1975;
Eriksson et al. 2006; Ervin and Wetzel 2002; Lawton and Jones
1995). In addition to the observed case, the composition of
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and thus could influence the 15N discrimination. For instance,
N2-fixing leguminous plant species are usually characterized
with relative low foliar δ15N values due to fixation of atmospheric N2 directly (Craine et al. 2009; Högberg 1997). As a
consequence, ecosystems with abundant leguminous species
could be characterized with lower δ15N values in plants and
soil (Craine et al. 2009; Schulze et al. 1998; Spear et al. 1994;
Swap et al. 2004). N2-fixing leguminous species are usually
abundant in stressful ecosystems, such as low precipitation or
poor soil nutrient habitats. Consequently, species-dependent
sensitivity of δ15N to variation in mean annual precipitation
may confound correlations between foliar δ15N and precipitation due to high frequency of N2-fixing leguminous species in
low rainfall or poor nutrient ecosystems (Craine et al. 2009;
Schulze et al. 1998; Spear et al. 1994; Swap et al. 2004).
The study on the worldwide leaf economics spectrum
showed that broad direct and indirect causal relationships
were found between leaf traits (Wright et al. 2004). However,
different functional groups, such as N2-fixing and non-N2-fixing species, were differentiated along the leaf economics
spectrum when trait means were considered. Specifically, N2fixing species have higher mean leaf N concentration than
non-N2-fixing species, yet the range of leaf N concentration
extended larger in non-N2-fixing species (Wright et al. 2004).
Here we hypothesize that leaf δ13C values of dominant species increase with the decreasing rainfall gradient. We also
hypothesize that the high proportion of N2-fixing leguminous
tree species in low rainfall ecosystems causes the relative
lower leaf δ15N values by fixing atmospheric N2 into the ecosystems and leads to apparent positive correlation between
foliar δ15N and precipitation. The hypotheses were tested by
comparing leaf traits of dominant species in ecosystems with
contrasting rainfall gradient in Ghana of western Africa. We
address the following questions: (i) How leaf δ13C of the dominant species responds to the rainfall gradients? (ii) Do the
responses of leaf N concentration and δ15N to the rainfall gradient differ between leguminous and non-leguminous trees?
and (iii) What are the differences between leguminous and
non-leguminous trees in the coordination among leaf traits?

MATERIALS AND METHODS
Study sites and species selection
Ghana is a country with distinct precipitation and temperature patterns. That is, mean annual temperature decreases
from southwest coast towards inland, but then increases as
approaching to the Sahara desert in the further north. While
rainfall decreases consistently from the southwest costal to the
north inland. The ecosystems distributed from the southern to
the northern Ghana are corresponded to the climate patterns.
Specifically, eastern Guinean forest area from the south to the
north includes wet and moist evergreen, moist semi-deciduous and dry semi-deciduous ecosystems. The savanna area
was distributed towards the further north, including Guinean
savanna and west Sudanian savanna ecosystems in sequence.
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dominant species is important in shaping community performance and function. If co-dominant species are characterized
with functional traits that are different (e.g. nitrogen trees
and non-nitrogen trees), the dilution effect will reduce certain community processes. However, if co-dominant species
are characterized with similar functional traits, certain community properties and processes will be enhanced or maintained (Hillebrand et al. 2008). Thus, the effect of dominance
comprises both an effect of the degree of dominance and the
identity of the dominant species (Hillebrand et al. 2008). The
critical question is how these consequences in dominance
construct emergent ecosystem processes and properties.
Leaf C isotopic composition is an important trait which
indicates carbon (C) and water cycling (Schulze et al. 1998).
Specifically, leaf δ13C provides useful information on the integrated carbon and water balance of plants over long periods.
Leaf δ13C is affected by the ratio of ambient and intercellular
humidity, and thus can be used as a proxy for water-use efficiency of C3 plants based on a positive correlation between
plant leaf δ13C and water-use efficiency (Francey and Farquhar
1982; Silim et al. 2001; Wang et al. 2003; Warren et al. 2001).
C3 plants growing in water-stressed conditions are usually
enriched in 13C compared to the plants growing in optimal
water conditions. The negative correlations between leaf δ13C
and precipitation have been found across ecosystems with
distinct rainfall gradients (Anderson et al. 1996; Leffler and
Enquist 2002; { SET "CIT0018:1999" \* MERGEFORMAT }
Leffler and Evans l999; Miller et al. 2001; Stewart et al. 1995).
Such relationship indicates that leaf 13C discrimination, especially in the dominant species, reflects the adaptive response of
species to habitat water condition (Song et al. 2008). Besides,
temperature could also influence leaf 13C discrimination due to
its effect on stomatal conductance (Panek and Waring 1995).
Leaf nitrogen (N) isotope composition is considered to be
a powerful integrator of N cycle processes (for review, see
Robinson 2001). There are many soil microbial processes
discriminating against 15N, the heavier stable N isotope.
Discrimination against 15N causes the products of the processes (i.e. nitrification, denitrification and ammonia volatilization) to be relatively lighter in 15N, or less enriched, while
the substrates formed in those processes become heavier, or
more enriched in 15N (Peterson and Fry 1987). As plants take
up available N from the remaining relatively enriched N in
the soil substrates, they might be characterized with relatively
enriched 15N. Hereby, higher relative 15N/14N ratios within
foliage could indicate the openness of N cycling in different
ecosystems (Högberg 1990). Temperature and precipitation
are important factors influencing the biological processes in
discriminating against 15N during N cycling. For instance,
the foliar δ15N values of non-leguminous species were found
significantly negatively correlated with annual precipitation
across wide range of ecosystems (Handley et al. 1999), suggesting that the integrated effect of the increased rainfall on N
cycling is a decrease in the openness of the cycle itself (Austin
and Vitousek 1998). However, biotic factors affect N cycling,
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Leaf sampling and measurements
In October 2012, leaves of dominant species were collected
from five sites in each ecosystem types. Sampling sites were
selected from undisturbed land to avoid potential effects of
anthropogenic activities on leaf C and N isotopic composition (Fig. 1). The cropland existed in Guinean savanna and
west Sudanian savanna was not concerned in this study.
Detailed information of sampling sites, including location,
vegetation, annual mean temperature and annual precipitation was provided in Supplementary Table S1. In each
sampling site, young to medium-aged, fully expended and
outer-canopy leaves of each dominant species were collected
from three different individuals 10 m apart from each other
and pooled into one sample. Five replicate samples for each
species were collected from the five sites. Projected leaf area
was determined with a flat-bed scanner and image analysis
software (DELTA-T, Cambridge, UK) after measuring fresh
weight for calculation of leaf water content (LWC). Leaves
were oven-dried for 48 h at 65°C, weighed, finely ground
using ball mill (MM2, Fa. Retsch, Haan, Germany), and analysed for C concentration, δ13C, N concentration and δ15N
using continuous-flow gas isotope ratio mass spectrometer
(MAT253, Finnigan MAT, Bremen, Germany). δ13C values are reported relative to V-PDB and δ15N to air in parts
per thousand (‰) as: δ13C (or δ15N) = (Rsample/Rstandard) − 1,
where R = 13C/12C or 15N/14N (Coplen 2011).

Climate data
The NCEP/NCAR Reanalysis Project is a joint project between
the National Centers for Environmental Prediction (NCEP,

formerly ‘NMC’) and the National Center for Atmospheric
Research (NCAR). The goal of this joint effort is to produce new atmospheric analyses using historical data (1948
onwards) and as well to produce analyses of the current
atmospheric state (Climate Data Assimilation System, CDAS).
The NCEP/NCAR Reanalysis 1 project uses a state-of-the-art
analysis/forecast system and a database as complete as possible to produce a record of global analyses of atmospheric
fields (Kalnay et al. 1996). The data of annual mean temperature and annual precipitation used in our study were derived
from the NCEP/NCAR Reanalysis 1 according to the latitude
and longitude of the sampling sites. These data were the average from 1981 to 2010.

Statistical analyses
We used two-way analysis of variance (ANOVA) with species type (legumes vs. non-legumes) and ecosystem type
as the fixed effects to analyse differences in leaf traits
(Supplementary Table S2). As species type and its interaction
with ecosystem type did not affect leaf δ13C, δ15N, leaf mass
per area (LMA) or LWC (Supplementary Table S2), we pooled
the data of leguminous and non-leguminous trees together
in each ecosystem, and then used one-way ANOVA followed
by Tukey multiple comparison to test the differences in these
leaf traits among ecosystems. For leaf traits with significant
effects of species type, such as leaf N concentration and C:N
(Supplementary Table S2), we sorted data into leguminous
and non-leguminous species in each ecosystem, then used
one-way ANOVA followed by Tukey multiple comparison to
test the differences in the leaf traits of leguminous and nonleguminous species among ecosystem types, respectively.
Independent-samples T test was used to compare differences
in leaf N concentration and C:N ratio between legumes and
non-legumes in each ecosystem. Regression analysis was used
to examine the relationships of leaf traits with mean annual
temperature and annual precipitation. We conducted linear
regressions to examine the relationships of δ15N with leaf N
concentration and C:N ratio and δ13C for both leguminous
and non-leguminous species. We used analysis of covariance
to test whether the slopes of the linear regressions differed
significantly between legumes and non-legumes. A significant difference in the slopes suggests that species type affects
the relationship. All analyses were performed using SPSS version 13.0 (SPSS Inc., Chicago, IL, USA).

RESULTS
Leaf traits in different ecosystems
LWC, LMA, leaf δ13C and δ15N did not differ between leguminous and non-leguminous trees in each ecosystem (Table 1).
Specifically, LWC decreased from 65% in moist semi-deciduous to 19% in Sudanian savanna, which corresponded to the
increase of LMA from 18 g m−2 in moist semi-deciduous to 77 g
m−2 in Sudanian savanna (Table 1). Leaf δ13C was higher in
dry semi-deciduous than in moist semi-deciduous. Moreover,
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Typically, costal savanna ecosystem is distributed along the
Gulf of Guinea in the south of Ghana. As compared with forest ecosystems, the savannas have soils with low nitrogen
availability (Lloyd et al. 2009; Medina 1987; Scholes 1990).
N2-fixing leguminous dominant trees are more abundant in
savannas than in forest ecosystems.
A transect was set up across the most of forest and savanna
areas from the south to the north of Ghana with longitudes
from −0°36′8″ to -1°52′5″, and latitudes from north 5°5′38″
to 10°52′37″. Five ecosystem types were chosen in forest
and savanna areas. They are the moist semi-deciduous forest, dry semi-deciduous forest, costal savanna, Guinean
savanna and west Sudanian savanna. Moreover, the transitional zone between the forest and savanna was also included
due to its large area. Hereafter, we name it as transition zone.
Between 9 and 20 taxa were studied in each ecosystem types.
Dominant and abundant perennial, non-climbing tree species were included. There were 81 dominant tree species in
total across the six ecosystems. In savanna ecosystems, three
perennial dominant grass species were also collected (all C4
grasses; Supplementary Table S1; leaf traits were not included
in the analyses). The 81 target species were taxonomically
diverse, representing 23 families, including trees, shrubs, N2fixers, non N2-fixers.
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δ13C values were higher in the transition zone and savannas
(costal savanna, Guinean savanna, Sudanian savanna) than in
the dry semi-deciduous and moist semi-deciduous (Table 1).
Contrarily, leaf δ15N values were higher in the moist semideciduous, dry semi-deciduous and costal savanna than in the
transition zone. Moreover, δ15N values in the Guinean and
Sudanian savanna were much lower than those in other four
ecosystems (Table 1). Leaf N concentration varied markedly
from 2.0% in the Guinean and Sudanian savanna to 4.2% in
the dry semi-deciduous for leguminous trees, and from 1.5%

in the Guinean savanna to 3.2% in the dry semi-deciduous for
non-leguminous trees (Table 2). Moreover, leaf N concentration of leguminous trees was higher than those of non-leguminous trees in all the ecosystems except the transition zone
(t < 0.05). Leaf C:N ratio of leguminous trees was higher in the
Guinean and Sudanian savanna, and transition zone than in
dry semi-deciduous and costal savanna. C:N ratio of non-leguminous trees increased from 14% in the dry semi-deciduous
to 32% in the Sudanian savanna (Table 2). Furthermore, C:N
ratio of leguminous trees was lower than those of non-leguminous tress in all the six ecosystems except the moist semideciduous and costal savanna.

LWC was positively correlated with annual precipitation, and
negatively correlated with mean annual temperature (Fig. 2A
and B). On the contrary, leaf δ13C values were negatively
correlated with annual precipitation, and positively correlated with mean annual temperature (Fig. 2C and D). Leaf
N concentration of non-leguminous trees was positively correlated with annual precipitation, and negatively correlated
with mean annual temperature. For the leguminous trees,
the correlations of leaf N concentration with precipitation and
temperature were not significant (marginally, 0.05 < P < 0.10;
Fig. 3A and B). Leaf δ15N values of both leguminous and nonleguminous trees were positively correlated with annual
precipitation and negatively correlated with mean annual
temperature, respectively (Fig. 3C and D). .

The coordination of leaf traits

Figure 1: The sampling sites along the transect in Ghana.

Leaf δ15N values of both leguminous and non-leguminous
trees positively correlated with leaf N concentration and negatively correlated with C:N ratio, respectively (Fig. 4A and B).
However, the slopes of linear relationships were significant
different between the two groups (leaf N concentration: species type × slope P = 0.004; C:N ratio: species type × slope
P = 0.028). The less steep slopes of the regressions indicate
that leguminous trees have relative lower δ15N for a certain
leaf N concentration or leaf C:N ratio as compared with those
of non-leguminous trees. In addition, δ13C was negatively correlated with δ15N of leguminous trees, but was not with those
of non-leguminous trees (Fig. 4C). Such negative correlations

Table 1: LWC, LMA, leaf δ13C and leaf δ15N of dominant trees in different ecosystems
LMA (g m−2)

δ13C (‰)

65.23 ± 4.48a

18.15 ± 1.91c

−33.81 ± 0.57c

4.69 ± 0.44a

a

c

b

5.08 ± 0.44a

a

3.29 ± 0.62b

a

4.78 ± 0.30a

a

0.98 ± 0.23c

a

0.50 ± 0.15c

Ecosystem types

LWC (%)

Moist semi-deciduous
Dry semi-deciduous
Transition zone
Costal savanna
Guinean savanna
Sudaniansavanna

60.83 ± 3.03

b

34.82 ± 4.23

31.53 ± 4.34

−32.04 ± 0.35

c

31.05 ± 4.23

−30.18 ± 0.43

b

40.30 ± 11.71

c

ab

44.10 ± 3.06
23.91 ± 4.34

c

19.78 ± 1.38

bc

65.18 ± 6.31

a

77.48 ± 8.28

δ15N (‰)

−28.47 ± 0.34
−28.99 ± 0.24

−29.86 ± 0.35

Mean ± SE were given (n = 9 – 19). Values sharing the same superscript letters are not significantly different among the ecosystems at P < 0.05
level.
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between δ13C and δ15N suggest that leguminous trees, those
characterized with the relative high water-use efficiency
(higher δ13C values) in the low rainfall ecosystems, were also
corresponded to relative high N use efficiency (relative low
δ15N and less openness of N cycling, but relative high C:N).

DISCUSSION

Table 2: Leaf N and C concentration of leguminous and non-leguminous dominant trees in different ecosystems
Species number
Ecosystem types
Moist semi-deciduous
Dry semi-deciduous
Transition zone
Costal savanna
Guinean savanna
Sudaniansavanna

Legumes
1
1
3
3
10
7

N concentration (%)
Non-legumes

Legumes

Leaf C:N
Non-legumes

Legumes
13.54 ± 1.20bc

8

3.51 ± 0.43a

2.48 ± 0.12b

12

4.21 ± 0.51

a

a

2.25 ± 0.36

b

3.91 ± 0.34

a

2.04 ± 0.28

b

2.05 ± 0.16

b

17
9
8
7

3.20 ± 0.23

b

2.60 ± 0.15

b

2.51 ± 0.17

c

1.56 ± 0.15

c

1.62 ± 0.35

Non-legumes
16.75 ± 0.89b

c

14.41 ± 1.14b

ab

17.50 ± 1.15b

c

17.71 ± 1.20b

a

30.93 ± 3.27a

ab

32.41 ± 3.74a

10.84 ± 0.81

21.94 ± 3.08

11.35 ± 0.60

25.76 ± 2.91

22.73 ± 2.02

Mean ± SE were given (n = 5). Values sharing the same superscript letters are not significantly different among the ecosystems at P < 0.05
level (independent-samples T test).

Figure 2: The relationships of leaf water content and δ13C with annual precipitation and mean annual temperature.
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Our study provides the evidence in support of the hypotheses.
The high proportion of N2-fixing leguminous tree species in
low rainfall ecosystems led to the relative low leaf δ15N values
by fixing atmospheric N2 into the ecosystems, which consequently resulted in the positive correlation of foliar δ15N with
precipitation. The increasing leaf δ13C values with decreasing precipitation were confirmed among the dominant trees
across ecosystems. We also found the significant differences in
slopes of the coordination among leaf traits between legumes
and non-legumes. All the results indicate that leguminous
trees can play important role in mediating N use efficiency in
stressful environment.

Climate-related shifts in dominance and the composition of dominant species and their consequences for ecosystem properties and processes have widely been concerned
(Norberg 2004; Stirling and Wilsey 2001; Wilsey et al. 2005).
Comparably few studies have analysed the distribution and
variance in traits of dominant species and the contributions
of traits to ecosystem property (Hillebrand et al. 2008). In ecosystems with low rainfall, the species characterized with high
leaf δ13C values adapt to drought condition very well and tend
to become dominant species (Ma et al. 2012), which in turn
was reflected in high water-use efficiency at the community
level (Ogaya and Peñuelas 2008). Our result showed that LWC
of the dominant trees consistently decreased with the decline
in annual precipitation. However, the significantly negative
relationship between leaf δ13C and precipitation indicates C3
dominant species increased their water-use efficiency to cope
with the water-stress conditions. Meanwhile C4 grasses, those
with high leaf δ13C values (−14.9‰; Supplementary Table S1),
increased their dominance in responses to the low rainfall
in the savanna ecosystems. Besides, the annual precipitation
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Figure 3: The relationships of leaf N concentration and δ15N of the leguminous and non-leguminous species with annual precipitation and
mean annual temperature.

Figure 4: The correlations of leaf δ15N with leaf N concentration, C:N ratio and δ13C of both the leguminous and non-leguminous trees.

was negatively correlated with the mean annual temperature
across the ecosystems (R2 = 0.83, P < 0.001). The higher temperature in the savanna ecosystems may aggravate the water
stress for plant growth by intensifying evaporation or transpiration. The mechanism underlying the effects of temperature
and its interaction with rainfall on water-use efficiency need
to be further investigated.
In general, low rainfall drives an increase in the openness
of the N cycle itself, which is reflected by the high foliar δ15N
values (Austin and Sala 1999). Surprisingly, foliar δ15N values
were much lower in the savannas than in the forests, and
foliar δ15N values were positively correlated with rainfall,
which is contrary to the observed pattern of foliar δ15N along
rainfall gradient across wide ecosystems (Handley et al. 1999;
Swap et al. 2004). The reason for the low foliar δ15N values in

the low rainfall savannas is that the proportion of leguminous
trees was higher among the dominant trees (Table 2). The
abundant leguminous trees can fix atmospheric N directly
into the ecosystems, which reduces the high δ15N in soil
driven by low rainfall. Besides, leguminous trees produce leaf
litter, which are characterized as low δ15N. Decomposition of
the leaf litter puts available N with low 15N into the soils, and
eventually could lead to the relative low foliar δ15N. As a consequence, the biotic modulation on N cycling may play an
important role in this process.
Soil available N is often viewed as a key factor determining
the outcomes of competition for nitrogen and consequently, species composition (Miller et al. 2005; Tilman 1982). Low N supply and limitation by N should favour free-living or symbiotic
nitrogen fixers, thus shifting communities towards dominance
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by legumes in terrestrial ecosystems (Schindler 1977; Smith
1992; Vitousek et al. 2002). An increase in abundance of the
N-fixer greatly impacts community structure, ecosystem stoichiometry and biogeochemical cycling (Sterner and Elser 2002). In
our study, leguminous trees existed in all the forest and savanna
area. But the proportion of leguminous trees to all the dominant
trees varied markedly among ecosystems, with 7% and 15%
in the semi-deciduous forest and transition zone, and 58% and
50% in the Sudanian savanna and the Guinean savanna, respectively (Table 2; Supplementary Table S1). The high proportion
of leguminous species in the savannas confirmed the idea that
N-fixers may gain a competitive advantage due to their ability in N2-fixation under high light and low N habitats and thus
dominate the communities. In the meantime, the high proportion of leguminous species with relative low δ15N values in turn
contributed to the low soil and foliar δ15N signature in the low
rainfall savanna ecosystems.
The broad generality of the relationships between leaf traits
have been observed by a global plant trait network (Glopnet)
spanning 2548 species from 219 families at 175 sites (Wright
et al. 2004). However, the study also indicated that different
functional groups, such as N2-fixing and non-N2-fixing species, were differentiated along the leaf economics spectrum
(Wright et al. 2004). In our study, significant direct and indirect causal relationships between leaf traits were also found
(Supplementary Table S3). Interestingly, our results also showed
the differentiation in coordination among leaf traits between
legumes and non-legumes, as evident by the different slopes
in the relationships of foliar δ15N with leaf N concentration,
leaf C:N ratio and leaf δ13C (Fig. 4). The less steep slope in the
relationship between δ15N and leaf N concentration of legumes
indicates that leguminous trees possess relative lower leaf δ15N
values under certain leaf N concentration as compared with
those of non-leguminous trees. In addition, the negative correlations between δ13C and δ15N suggest that leguminous trees,
those characterized with the relative high water-use efficiency
(higher δ13C values) in the low rainfall ecosystems, were also
corresponded to the relative low leaf δ15N and the less openness of N cycling. All these results imply that nitrogen fixed by
leguminous species is important for plant growth in poor nutrient habitats. The abundance of leguminous trees is crucial in
regulating ecosystem N cycling in stressful environments. In a
word, our result reveals that the presence of dominant species
with specific traits, such as N2-fixing plants, play an important
role in shaping ecosystem process and property.
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