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Abstract: Identifying differences in ecophysiology between simple and compound leaves can
help understand the adaptive significance of the compound leaf form and its response to climate
change. However, we still know surprisingly little about differences in water and nutrient use,
and photosynthetic capacity between co-occurring compound-leaved and simple-leaved tree species,
especially in savanna ecosystems with dry-hot climate conditions. From July to September in 2015,
we investigated 16 functional traits associated with water use, nutrients, and photosynthesis of
six deciduous tree species (three simple-leaved and three compound-leaved species) coexisting
in a valley-savanna in Southwest China. Our major objective was to test the variation in these
functional traits between these two leaf forms. Overall, overlapping leaf mass per area (LMA),
photosynthesis, as well as leaf nitrogen and phosphorus concentrations were found between these
coexisting valley-savanna simple- and compound-leaved tree species. We didn’t find significant
differences in water and photosynthetic nitrogen or phosphorus use efficiency between simple
and compound leaves. Across these simple- and compound-leaved tree species, photosynthetic
phosphorus use efficiencies were positively related to LMA and negatively correlated with phosphorus
concentration per mass or area. Water use efficiency (intrinsic water use efficiency or stable carbon
isotopic composition) was independent of all leaf traits. Similar ecophysiology strategies among
these coexisting valley-savanna simple- and compound-leaved species suggested a convergence in
ecological adaptation to the hot and dry environment. The overlap in traits related to water use,
carbon assimilation, and stress tolerance (e.g., LMA) also suggests a similar response of these two leaf
forms to a hotter and drier future due to the climate change.
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1. Introduction

Plant leaves can be classified into two categories: a simple leaf with a single lamina and single
rachis, and a compound leaf with multiple leaflets that occur in various arrangements along the
rachis [1–3]. Previous researchers have been investigating the similarities and differences between
simple and compound leaf development for decades [3], and have clearly identified several important
key genes for the regulation and development of compound versus simple leaf forms [2,4,5]. Leaves as
the main CO2-fixation organs, the diversity of leaf forms also reflects the plant morphological and
physiological adaptation [6]. An intact compound leaf may require larger within-leaf support for
mechanical stability compared with a simple leaf [7,8], and the differences in leaf and stem properties
between simple- and compound-leaved species may result in co-variation of morphology, physiology,
and growth. However, we still know very little about the differences in eco-physiological adaptation
between simple and compound leaf forms. Such knowledge will be useful to predict the comparative
responses of these two leaf forms to rainfall patterns related to climate change.

There has been a long-held hypothesis that compound leaves are associated with rapid growth
during favorable light conditions [7,9,10]. Malhado et al. (2010) have found evidence for supporting
the fast growth hypothesis of compound-leaved species by measuring the radial growth rates of
the Amazon rainforest trees [2]. The main mechanism is that compound leaf structure, as a cheap
‘throwaway’ twig, decreases the construction cost in woody structures and thus promotes rapid
growth [2,7,9]. There has been evidence that compound-leaved species tend to have high hydraulic
conductance and photosynthetic capacity associated with fast growth in a temperate forest of Northeast
China [11], which provides a physiological explanation of the fast growth of compound-leaved species.
In addition, midday stomatal conductance in compound-leaved species decreases at higher percentages
than that of simple-leaved trees [12]. However, few investigations have yet been conducted to test
the difference in photosynthetic physiology in relation to adaptive significance across simple- and
compound leaves from different vegetation types [2,13–15].

Savanna ecosystems are an important terrestrial vegetation type with high species richness and
endemism covering nearly 1/3 of the world’s land surface [16–18]. Valley-savanna ecosystems in
Southwest China have a dry-hot climate and a six-month dry season, with the co-existence of diverse
simple- and compound-leaved species [19]. Although a previous study has shown that compound
leaves tend to have higher photosynthetic rates than simple leaves in a temperate forest [11], such a
pattern remains untested in hot and dry ecosystems. In dry habitats, compound leaves may have an
adaptative advantage to seasonal drought [13,20], because compound-leaved plants can minimize
water loss by dropping the rachises as well as leaves during dry periods [9], which may mitigate the
influence of drought on photosynthetic carbon assimilation and growth. However, quantitative data
on testing the variation in traits across coexisting valley-savanna simple- and compound-leaved plant
species are still lacking.

In savannas, water availability is the main factor limiting plant photosynthesis and growth,
especially in the dry season [21]. Water deficits can cause stomatal and non-stomatal limitations
to photosynthesis [22,23], while water and nutrient use efficiencies are important drivers for liana
diversity in a Chinese valley savanna [24]. In addition, temperate compound-leaved trees have lower
water use efficiency than coexisting simple-leaved species [11]. However, a surprising knowledge gap
still exists about the comparison of water and nutrient use advantages between these two leaf forms in
dry and hot habitats.

Here, we investigated 16 functional traits associated with leaf water use, nutrient economy,
and carbon assimilation of six common deciduous woody species (three simple-leaved and three
compound-leaved species) coexisting in a valley-savanna ecosystem with a dry-hot environment in
Southwest China. This ecosystem is dominated by deciduous woody species, with some evergreen
woody species co-occurring [19]. Our objectives were to test: (1) whether leaf photosynthetic rate
and stomatal conductance were higher in compound-leaved species than in simple-leaved species,
and (2) how simple- and compound-leaved species differ in water and nutrient use efficiencies.
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We expected that compound leaves exhibit higher photosynthetic capacity and nutrient use efficiency,
but lower water use efficiency than simple leaves.

2. Materials and Methods

2.1. Study Site

The present study was carried out in Yuanjiang Savanna Ecosystem Research Station (YSERS;
23◦28′ N, 102◦10′ E, 481 m a.s.l.) of Xishuangbanna Tropical Botanical Garden, Chinese Academy
of Sciences, southwestern China. According to YSERS (2012–2019), the mean annual temperature is
24.9 ◦C, the extremely maximum temperature is 45.0 ◦C (including 35 ◦C for more than 100 days during
a year), the extremely minimum temperature is 3.6 ◦C, the maximum ground temperature is 77.8 ◦C,
the minimum ground temperature is 2.1 ◦C, the air humidity is 67%, the mean annual precipitation is
732.8 mm (the rainy season from May to October, accounting for 77.9% of the precipitation), the potential
evaporation is 1750 mm, and the sunshine hours are 2350 h. The soil is a ferralic cambisol with a soil
profile of pH 6.63–7.75, 0.196–0.427% nitrogen, 0.055–0.12% phosphorus and 1.601–1.737% potassium
at 0–20 cm depth. The station area possesses typical well-preserved hot-dry valley savanna vegetation.

We chose the 6 most common deciduous tree species around YSERS, including 3 compound-leaved
species Bischofia polycarpa, Cipadessa baccifera, Campylotropis delavayi and 3 simple-leaved species
Bauhinia brachycarpa, Strophioblachia fimbricalyx, Trigonostemon tuberculatus for the study (Table 1).
All measurements were made of canopy leaves from 3–5 individuals per species during July to
September in 2015.

Table 1. A list of compound-leaved (CL) and simple-leaved (SL) species studied.

Species Family Leaf Type

Bauhinia brachycarpa Leguminosae SL
Strophioblachia fimbricalyx Euphorbiaceae SL
Trigonostemon tuberculatus Euphorbiaceae SL

Bischofia polycarpa Euphorbiaceae CL
Cipadessa baccifera Meliaceae CL

Campylotropis delavayi Leguminosae CL

2.2. Leaf Mass Per Area

We chose 4–5 leaves or leaflets per species and used a portable scanner (CanoScan 9000F Mark II,
CANON, Tokyo, Japan) to scan leaves at 300 dpi resolution. Leaf area was measured by the ImageJ
software (National Institutes of Health, Bethesda, MD, USA). We then oven-dried leaf samples at 80 ◦C
for at least 48 h to get the leaf dry mass. Leaf mass per area (LMA, g m−2) was calculated as leaf dry
mass divided by leaf area.

2.3. Leaf Gas Exchange

Area-based maximum photosynthetic rate (Aa, µmol m−2 s−1) and stomatal conductance
(gs, mol m−2 s−1) were measured between solar time 08:00 and 11:00 a.m. using a portable photosynthesis
measurement system (Li-6400XT, LI-COR, Lincoln, NE, USA) with a 6400-02B light source that included
both red and blue LEDs. Six sun-exposed mature leaves of three individuals (two leaves per
individual) of each species were chosen. During measurement, reference CO2 was maintained at
400 µmol mol−1 via a 6400-01 CO2 injector System and light intensity was set at 1200 µmol m−2 s−1.
Air temperatures and relative humidity during the measurements were around 31 ◦C and 60%,
respectively. Mass-based maximum photosynthetic rate (Am, nmol g−1 s−1) was calculated as Aa/LMA.
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2.4. Leaf Nutrients

Mature leaf samples with petioles and main veins removed were used to analyze leaf carbon,
nitrogen and phosphorus concentrations. Fresh leaf samples were first wiped clean, oven-dried at
80 ◦C for 48 h, crushed, and ground to pass a 60-mesh sieve (pore size is 0.25 mm). Carbon (C, mg g−1)
and nitrogen concentrations per mass (N, mg g−1) were measured by a C-N analyzer (Vario MAX
CN, Elementar Analysensysteme GmbH, Hanau, Germany). Phosphorus concentration per mass
(P, mg g-1) was measured by an inductively coupled plasma atomic-emission spectrometer (iCAP6300,
Thermo Fisher Scientific, Cambridge, UK). Leaf carbon to nitrogen concentration ratio (C/N) and
nitrogen to phosphorus concentration ratio (N/P) were then calculated. We used LMA to calculate
area-based carbon (Ca, mg m−2), nitrogen (Na, mg m−2) and phosphorus concentrations (Pa, mg m−2).

2.5. Leaf Water and Nutrient Use Efficiencies

Other leaf samples were passed through a 100-mesh sieve for measurement of stable carbon
isotopic composition (δ13C) using an isotope ratio mass spectrometer (IsoPrime100, Isoprime Ltd.,
Cheadle, Manchester, UK), using Pee Dee Belemnite (PDB) as a standard. δ13C was calculated as:

δ13C (%�) = [(Rsample)/(Rstandard) − 1] × 1000 (1)

where Rsample and Rstandard are the ratios of 13C/12C in the sample and in the PDB standard, respectively.
Leaf δ13C is used as an indicator of long-term water use efficiency integrated over the lifetime of a leaf [25].
Plants with less negative δ13C values generally possess higher time-integrated water used efficiency [25].

Intrinsic water use efficiency (WUEi) was calculated as Aa/gs. Photosynthetic nitrogen use
efficiency (PNUE) and photosynthetic phosphorus use efficiency (PPUE) were calculated as Am × 14/N
and Am × 31/P, respectively.

2.6. Data Analysis

All trait values of each species were averaged and then log10-transformed to improve the normality.
During analysis, we converted δ13C from negative to positive by multiplying −1 for further analysis.
The independent-samples t-test was used to test for the differences in 16 leaf traits between two leaf
forms through the ‘t.test’ function in the ‘stats’ package in R. Pearson’s correlation was used to test for
the relationships between pair of traits via ‘corr.test’ function in ‘psych’ package in R. All analyses
were performed in R v.4.0.0 (R Core Team, 2020).

3. Results

There was no significant difference in LMA between compound- and simple-leaved species
(Figure 1a, Table 2, p = 0.76). Compound-leaved (CL) species didn’t have significantly higher leaf
stomatal conductance (gs) and photosynthetic rate (Aa, Am,) than co-occurring simple-leaved (SL)
species (Figure 1b–d, p = 0.88, 0.94 and 0.64, respectively). Compound- and simple-leaved species
showed comparable water use efficiency (both WUEi and δ13C) (Figure 2, Table 2, p = 0.72 and
0.94, respectively).

Table 2. Differences in leaf traits between compound-leaved species (CL) and simple-leaved species (SL).

Trait Name Abbreviation Unit CL SL t-Values p-Values

Mean ± SE Mean ± SE

Leaf mass per area LMA g m−2 89.23 ± 20.66 76.90 ± 12.90 0.34 0.76
Maximum photosynthetic rate per mass Am nmol g–1 s–1 173.17 ± 16.04 162.26 ± 11.47 0.50 0.64
Maximum photosynthetic rate per area Aa µmol m–2 s–1 13.35 ± 3.71 12.5 ± 2.35 0.09 0.94

Stomatal conductance per area gs mol m–2 s–1 0.21 ± 0.05 0.25 ± 0.10 −0.17 0.88
Intrinsic water use efficiency WUEi µmol mol–1 62.09 ± 5.78 58.73 ± 13.84 0.40 0.72

Stable carbon isotopic composition δ13C −%� 26.93 ± 0.48 27.01 ± 0.65 −0.09 0.94
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Table 2. Cont.

Trait Name Abbreviation Unit CL SL t-Values p-Values

Mean ± SE Mean ± SE

Leaf carbon concentration per mass C mg g−1 467.56 ± 7.35 453.44 ± 6.01 1.50 0.21
Leaf nitrogen concentration per mass N mg g−1 19.90 ± 2.75 25.06 ± 4.02 −1.12 0.33

Leaf phosphorus concentration per mass P mg g−1 1.29 ± 0.46 1.81 ± 0.35 −1.01 0.38
Photosynthetic N use efficiency PNUE µmol mol–1 s–1 124.72 ± 15.16 96.66 ± 18.99 1.13 0.34
Photosynthetic P use efficiency PPUE mmol mol–1 s–1 5.20 ± 1.73 3.08 ± 0.80 1.12 0.33

Leaf carbon to nitrogen ratio C/N 24.23 ± 2.66 18.97 ± 2.75 1.30 0.27
Leaf nitrogen to phosphorus ratio N/P 17.90 ± 3.91 14.86 ± 3.01 0.58 0.60
Leaf carbon concentration per area Ca mg m−2 41,432.06 ± 9167.82 35,019.26 ± 6373.80 0.44 0.69

Leaf nitrogen concentration per area Na mg m−2 1662.08 ± 221.70 1893.22 ± 314.62 −0.50 0.65
Leaf phosphorus concentration per area Pa mg m−2 96.91 ± 10.57 129.83 ± 8.03 −2.27 0.11
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In addition, there was no significant differences in leaf carbon, nitrogen and phosphorus
concentrations per mass (C, N, P) or per area (Ca, Na, Pa) between simple- and compound-leaved
species (Figure 3a–f, Table 2, p = 0.21, 0.33, 0.38, 0.69, 0.65 and 0.11, respectively). We found no
significant differences in C/N, N/P, PNUE and PPUE between simple- and compound-leaved species as
well (Figure 3g,h, p = 0.27 and 0.60, and Figure 4, p = 0.34 and 0.33, respectively, Table 2).
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Figure 4. Average values of (a) photosynthetic nitrogen use efficiency (PNUE) and (b) photosynthetic
phosphorus use efficiency (PPUE) in compound-leaved (CL, black bar) and simple-leaved (SL, open bar)
species. Bars are means + standard errors.

Across these simple- and compound-leaved species, PNUE was significantly negatively related
to P and Pa (Figure 5a,b, p = 0.002 and 0.024, respectively), and significantly positively related to
LMA (Figure 5c, p = 0.048). P was significantly negatively correlated with LMA (Figure 5d, p = 0.009).
Across all six species, both LMA and gs were significantly positively related to Ca (Figure 6a,b, p < 0.001
and 0.049, respectively). Aa was significantly positively correlated with gs (Figure 6d, p = 0.046), but not
with LMA (Figure 6c, p = 0.127). Leaf N was less related to other leaf traits than leaf P; water use
efficiency was not related to all other leaf traits (Table 3).
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(d) gs across six species studied. All data were log10-transformed.
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Table 3. Coefficients of Pearson’s correlation among leaf traits across six species.

LMA Am Aa gs WUEi δ13C C N P PNUE PPUE C/N N/P Ca Na

Am −0.200
Aa 0.693 0.475
gs 0.796 0.014 0.820*

WUEi −0.511 0.565 −0.172 −0.705
δ13C −0.051 0.520 0.409 0.490 −0.338

C −0.150 0.585 0.167 0.135 −0.026 0.743
N −0.659 −0.279 −0.512 −0.309 −0.102 0.060 −0.142
P −0.920 ** −0.095 −0.789 −0.764 0.338 −0.091 −0.158 0.714

PNUE 0.435 0.650 0.609 0.251 0.323 0.176 0.364 −0.911 * −0.605
PPUE 0.814* 0.349 0.866 * 0.723 −0.171 0.220 0.300 −0.744 −0.966 ** 0.739
C/N 0.629 0.337 0.519 0.318 0.097 0.022 0.248 −0.994 *** −0.716 0.931 ** 0.761
N/P 0.802 −0.063 0.724 0.831 * −0.533 0.166 0.117 −0.282 −0.874 * 0.196 0.806 0.289
Ca 0.997 *** −0.155 0.712 0.814 * −0.518 0.008 −0.072 −0.676 −0.941 ** 0.468 0.846 * 0.654 0.819 *
Na 0.703 −0.529 0.435 0.763 −0.774 −0.011 −0.334 0.071 −0.546 −0.284 0.377 −0.106 0.797 0.683
Pa −0.471 −0.536 −0.667 −0.446 −0.058 −0.287 −0.597 0.551 0.778 −0.666 −0.872 * −0.605 −0.683 −0.523 −0.103

Notes: See Table 2 and text for trait abbreviations. Data were log10-transformed before analysis. * p < 0.05, ** p < 0.01, *** p < 0.001.
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4. Discussion

Different from previous studies showing high photosynthetic rates and low water use efficiencies
in compound-leaved species [11,26], we found overlaps in photosynthesis and water use efficiency
between compound and simple-leaved trees in a savanna ecosystem in Southwest China. Our results
suggest a convergence in leaf functional traits toward high water use efficiencies in dry and hot
ecosystems. The overlap in functional traits related to water and nutrient use, carbon assimilation,
and stress tolerance (e.g., LMA) between these two leaf forms may also suggest a similar response to a
drier and hotter future in this region, as predicted by climate change models [27].

4.1. Comparable Photosynthetic Capacity between Simple- and Compound-Leaved Species

Previous studies have suggested that compound leaf form with multiple leaf laminas growing on
one rachis has a potentially high photosynthetic capacity and growth rates [26]. Our results for savanna
plants do not support this hypothesis. No differences in area- or mass-based maximum photosynthetic
rates were found between simple- and compound-leaved species in this valley savanna. The simple and
compound leaves also had similar maximum stomatal conductance and LMA. Consistent with our results,
no significant differences in Aa and gs were found between compound- and simple-leaved leguminous
trees from a tropical seasonal rain forest with pronounced dry seasons [11]. However, a previous study
in temperate forests has shown that, compared with co-occurring simple-leaved trees, compound-leaved
species tend to have lower LMA and higher area-based maximum photosynthetic rates, which potentially
contribute to their fast growth rates [11]. Malhado et al. (2010) also found that compound leaves are
associated with faster diameter growth rates, constituting adaptive strategies that promote the rapid
growth of the Amazon rain forest trees [2]. These findings together suggest that the differences between
compound- and simple-leaved species in water use and carbon assimilation are site-specific, which may
depend on the selecting forces working in a specific ecosystem [11,28]. For dry and hot savannas and
other ecosystems with pronounced dry seasons, water deficits could be a significant environmental
factor shaping the development of leaf functional traits. This selecting force imposed by water deficits
and high transpiration demand may confer compound-leaved species conservative water use rather
than high photosynthetic carbon assimilation [21].

4.2. Convergence in Photosynthetic Nutrient Use Strategy across Simple- and Compound-Leaved Species

Photosynthetic capacity is widely regarded to be limited by leaf nutrient contents, particularly by
N [29,30]. For instance, in West African and Australia savannas, the photosynthetic capacity of plant
species was limited by leaf N due to low soil N availability in local sites. However, we did not find
significant Na-Aa or N-Am relationships across six savanna species. Other studies have also shown a
varied or no relationship between leaf N and photosynthetic capacity [31–33]. In agreement with this,
the drier the climate condition is, the weaker the relationship between photosynthetic capacity and
leaf N becomes [34]. This lack of the relationship between leaf N and photosynthetic capacity may
also be due to differences in N allocation to light capture, photosynthetic machinery within leaves or a
proportionally greater leaf structural N investment associated with high LMA [31,35]. Plants with
high LMA can allocate more N to the structure to increase major vein or mesophyll cell layers [36,37].
However, we found that compound- and simple-leaved species had comparable LMA in the dry-hot
valley savanna, although some temperate compound-leaved species have significantly lower LMA than
simple-leaved species [11]. High LMA in tropical savanna compound-leaved species is a characteristic
of the dry and hot regions, probably because denser leaves associated with high LMA have lower water
requirements to avoid wilting under water deficits and adapt to intermittent water availability [33,38],
rather than contribute to growth [39]. Compound-leaved species tend to shed their leaves in facing
water limitation (9,13). There is evidence that during the severe drought period, compound-leaved
species have larger hydraulic safety margins in stems than in compound leaf petioles allowing plants
to minimize the risk of hydraulic failure in the stem conduit network by sacrificing leaves [40].
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Furthermore, there is evidence that leaf P has a stronger impact on leaf photosynthetic capacity than
N in ecosystems with limited P availability [30,33,41,42]. In the present study, we found that leaf P was
more strongly related to other leaf traits than leaf N. This is probably because of the low P availability
of valley savanna soils [21,39]. The valley-savanna species have higher photosynthetic P use efficiency
(PPUE) compared to rainforest tree species, which means a more economic utilization of limited
resources, and high PPUE of valley-savanna species could be a long-term adaptation to dry and hot
stresses in the savannas [39]. The valley-savanna species had consistently higher photosynthetic capacity
and PPUE at a given stomatal conductance or leaf nutrients (N, P), which can lead to a convergence in
photosynthetic and nutrient use strategies between simple- and compound-leaved species. We did
find overlapping nutrient concentrations (N, P), nutrient use efficiency, and photosynthetic capacity
between these two leaf forms. This may suggest that the compound leaves of valley-savanna plants
have no advantages in photosynthetic physiology and nutrient use than simple leaf form.

4.3. Water Use Efficiency across Simple- and Compound-Leaved Species

Our previous results have shown that simple leaves present higher intrinsic water use efficiency
(WUEi) than compound leaves in temperate forest trees [11]. In this study, we found that there
were no significant differences in WUEi and long-term water use efficiency (δ13C [25]) between
simple- and compound-leaved groups. In the present study area, previous results also found that six
plant species with different leaf phenology have similar long-term water use efficiency (δ13C) [21].
Additionally, these valley-savanna plants have higher leaf δ13C than tropical rainforest tree species in
the same region [39,43]. These results indicate that plants in the dry and hot habitats have a consistently
higher water use efficiency than rainforest plants and tend to employ a more conservative water use
strategy no matter what leaf form or phenology is. Interestingly, we found that water use efficiency
is independent of other leaf traits. As an example, we found no relationship between leaf N- and
water use efficiency in the present site with relatively high soil N availability, although additional
N can lead to higher water use efficiency [39,44]. This is probably the reason why water use
strategy overlaps between simple- and compound-leaved woody species in the dry-hot habitats.
However, previous studies have shown that compound-leaved species have a higher leaf or the whole
shoot hydraulic conductance than coexisting simple-leaved species, suggesting contrasting hydraulic
efficiency between these two leaf forms (11,12). Further studies on plant hydraulic architecture are
needed to explore variation and co-variation of hydraulic and photosynthetic capacity across more
simple- and compound-leaved species.

5. Conclusions

Our study did not find significant differences in water- and nutrient-use strategy between
deciduous simple- and compound-leaved species. Nor did we find significant differences in
photosynthetic capacity between these two leaf forms. The ecophysiological advantages of being
compound versus simple leaves seem to be weak in savannas, at least in the studied valley savanna
with a dry and hot climate. Our results did not support the hypothesis of the advantage of compound
leaves (e.g., fast growth hypothesis) over simple leaves [2,11]. Due to the overlap in photosynthetic
water and nutrient use efficiencies between these two leaf forms, and the high selecting force for high
water use efficiencies in savannas, a predicted drier future in this region will probably not change the
relative abundance of the compound- and simple-leaved species. Ultimately, we suggest testing these
long-held hypotheses about the compound and simple leaf form across a wider range of vegetation
types and climate regions.
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