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A B S T R A C T

Savannas are ecosystems where plants are expected to have leaf-level adaptations conferring tolerance to high
irradiances, which characterizes this type of open canopy vegetation. The neotropical savannas of Brazil
(Cerrado) harbour a large diversity of heliophilous herbaceous species, which are threatened by the current
invasion of those open canopy habitats by forest trees, increasing tree density and canopy cover, thereby strongly
reducing light availability. In this study, we measured leaf pigment concentrations, specific leaf area and light
response curves of photosynthesis to determine whether herbaceous species of open savanna habitats were less
tolerant to shade than the ones that were more characteristic of forested savanna. Relative to species of forested
savannas, herbaceous species of open savannas had heavier leaves with higher concentration of carotenoids.
They also achieved higher photosynthetic rates, reaching light compensation and saturation at higher irra-
diances. Based on measurements of light compensation points and of prevailing irradiances in forested savannas,
leaves of most herbaceous species of more open savannas would be strongly light-limited in sites with a dense
woody layer. In summary, we provide evidence that forest tree encroachment of savannas would select for leaf
trait combinations in the understory vegetation that would favor shade tolerance and, depending on the degree
of leaf acclimatization to shade of individual species, could strongly constrain persistence of the current un-
derstory vegetation.

1. Introduction

Light can be posed as the most fundamental resource for estab-
lishment, growth and persistence of plants in a variety of vegetation
types (Belsky, 1994; Walters and Reich, 1996; Poorter and Kitajima,
2007). The quality and quantity of this resource depend on environ-
mental and biological factors, such as time of the year and vegetation
structure (Denslow and Guzman, 2000; Peterson et al., 2007). In par-
ticular, the physical structure of the standing vegetation generates a
vertical gradient of light availability and spatial heterogeneity on un-
derstory light regimes, strongly affecting seedling establishment and
the growth of the understory vegetation. In tropical forests, the high
density and height of trees with large and dense crowns restrict the
amount of available light for understory plants to perform photo-
synthesis (Poorter, 1999). In contrast, seedlings and the understory
vegetation are exposed to much higher irradiances in tropical savannas,
given the scattered pattern of the woody vegetation, which is

characterized by small-stature trees with open narrow crowns (Ludwig
et al., 2004; Hoffmann et al., 2005).

Because of the contrasting light availabilities, distinct environ-
mental filters operate in forests and savannas, selecting for divergent
structural and physiological leaf traits (Kitajima, 1994; Givnish et al.,
2004; Kotowski and Diggelen, 2004; Poorter, 2009). In forests, the
sharp variation of irradiance within the canopy results in a vertical
gradient of light-use strategies at the leaf level, where trees that reach
the upper canopy layers have thicker leaves with higher photosynthetic
capacity and mechanisms of protection against high irradiances
(Thompson et al., 1992; Santiago and Wright, 2007). In turn, light is a
limiting resource for understory plants. They tend to have thinner
leaves with large blades and high chlorophyll concentrations as adap-
tations to increase the capture of diffuse light (Valladares et al., 2002).
Light availability to understory plants in savannas is more variable than
in forests because of the large spatial variation in canopy cover and tree
density (Scholes and Archer, 1997; Hoffmann et al., 2005). However,
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the open nature of the savanna vegetation implies that the majority of
the understory plants have to persist under higher irradiances in com-
parison to those thriving in the forest understory (Ludwig et al., 2004;
Pinheiro et al., 2016). This situation may have selected for a suite of
leaf traits and photosynthetic responses to cope with high irradiances,
such as smaller leaf area, higher photosynthetic capacity and higher
concentration of photoprotective pigments (Franco et al., 2007; Goulart
et al., 2011) in comparison to understory plants in forested environ-
ments, where shade tolerance is vital (Prior et al., 2003; Lüttge, 2008).

Understanding functional responses of savanna plants concerning
light availability is of outmost importance because open humid sa-
vannas can undergo transition to closed canopy woodlands (forested
savanna) or forests in the absence of fire (Silva et al., 2008; Pinheiro
and Durigan, 2009; Murphy and Bowman, 2012; Hoffmann et al.,
2012a; Stevens et al., 2017). This is particularly common in the sea-
sonal Neotropics, where vegetation mosaics of forests and savannas
characterize the landscape, and when fire is suppressed, there is a high
recruitment of typical forest species in savanna sites (Hoffmann et al.,
2012a). This increased recruitment of forest species, with their denser
and larger canopies, strongly modifies the savanna environment
(Hoffmann et al., 2012b). In particular, canopy closure reduces light
availability for understory plants, which can select for suites of leaf
traits promoting efficient light energy capture while minimizing carbon
losses (low respiration rates) under low-light (Valladares et al., 2012). If
typical savanna understory plants are in fact light demanding species,
they might not be able to maintain a positive leaf carbon balance fol-
lowing canopy closure. Canopy closure can therefore affect species
persistence in the savanna understory, resulting in changes in species
richness and composition (McGuire et al., 2001; Brudvig, 2010;
Pinheiro et al., 2016).

Here we performed a comparative study of photosynthetic traits in a
range of non-arboreal species that are either exclusive from typical
open savannas or of forested savannas to understand their role in plant
persistence under encroachment. Since closed canopy environments are
subjected to a strong light filter (low light availability) we expected
species from forested savanna to show traits related to optimizing light-
harvesting efficiency and net CO2 assimilation in low light while
minimizing CO2 losses (lower dark respiration rates). In turn, typical
savanna species would have been selected to prioritize carbon gain and
mechanisms to safe dissipation of potentially harmful excess light en-
ergy, with leaves with higher carotenoid concentrations, higher rates of
net CO2 assimilation and dark respiration per unit leaf area.

2. Material and methods

2.1. Study site

Our study was performed at the Assis Ecological Station (AES), lo-
cated at Assis municipality, São Paulo state, Brazil (22° 35′ 51.36” S, 50°
22′ 26.68” W) during the wet season of 2016. AES is located at
500–588m above sea level, where the climate is a transition between
Cwa and Cfa according to Köppen classification. The rainy season ex-
tends from September to May, when monthly rainfall exceeds 70mm.
The dry season spans from June to August. Fire prevention and sup-
pression measurements have excluded fire from AES for the past 50
years, which has resulted in forest tree encroachment of many savanna
sites and concomitant increase of canopy cover of the woody layer
(Pinheiro and Durigan, 2009; Pinheiro et al., 2016).

2.2. Species selection and environmental conditions

To study structural and photosynthesis-related leaf characteristics
we selected 18 non-arboreal species (herbs, vines, sub-shrubs and
shrubs) exclusively found at typical or forested savanna at our study site
(Table 1), according to a previous field survey (Pinheiro et al., 2016).
All data collection was performed on the same individuals. We sampled

9 species growing exclusively in typical savanna (TS) vegetation: a
discontinuous woody layer over a continuous herbaceous-grass stratum,
with a tree layer leaf area index (LAI) of 0.96 ± 0.05m2m−2

(mean ± SE) and PPFD of 597 ± 197 μmolm−2 s−1 at the typical
maximum height of the understory canopy (70 cm above soil surface).
We also sampled 9 species exclusively found in forested savanna (FS):
previously a typical savanna that is currently covered with a continuous
species-rich tree layer with few species in the groundlayer, where tree
layer LAI was 1.90 ± 0.12m2m−2 and PPFD of 32 ± 2 μmol m−2 s−1

(LAI values retrieved from Pinheiro et al., 2016). PPFD values were
obtained from measurements in 30 different locations (at least 800m
apart) in a typical savanna and 30 different locations in a forested sa-
vanna. PPFD measurements were taken at 70 cm height from the soil
surface with a CI-110-24P-ID plant canopy imager (CID Bioscience,
Camas, WA, USA) and collected every 30min in a period of 4 h in the
morning between 08:00 and 12:00 h during 5 sunny days, without rain
or clouds, in November 2016.

2.3. Leaf structure and leaf pigments

As a surrogate of leaf structure, we measured specific leaf area
(cm2 g−1) in one healthy and expanded leaf from the second or third
node of each individual (3 individuals per species). Specific leaf area
(SLA) was calculated as the ratio of leaf area (obtained from the Image J
free software) to leaf dry mass (dried at 70 °C for 48 h and weighed on a
precision scale (± 0.0001 g)).

We determined the photosynthetic pigment concentration (chlor-
ophyll a (chl a), chlorophyll b (chl b), total carotenoids (car)) by col-
lecting one leaf disc (1 cm2) per individual, three individuals per spe-
cies, between the mid-vein and the leaf margin, in adult healthy leaves.
The discs were stored in 2mL tubes of amber color which contained
DMF (N,N-dimethylformamide) (Porra et al., 1989). The tubes were
kept in the dark at 4 °C for a period of 48 h. The samples were then
analyzed in a spectrophotometer (Quimis Q898DRM) to determine the
absorbance at wavelengths of 647, 664 and 480 nm. The absorbance
values were used to calculate the concentrations of chl a, chl b and car
(in μg cm−2) according to Wellburn (1994). Total chlorophyll (cht) was
obtained as the sum of chlorophyll a and chlorophyll b. We also cal-
culated the chlorophyll a:b ratio (cha:chb).

Table 1
Studies species, their families and their habit in typical and forested savanna vegetation.

Vegetation Family Species Habit

Typical Anacardiaceae Anacardium humile A. St.-Hil. Subshrub
Typical Asteraceae Lepidaploa aurea (Mart. ex DC.) H.

Rob.
Subshrub

Typical Euphorbiaceae Croton campestris A.St.-Hil. Herb
Typical Fabaceae Senna rugosa (G.Don) H.S.Irwin &

Barneby
Shrub

Typical Lamiaceae Peltodon tomentosus Pohl. Herb
Typical Malvaceae Peltaea polymorpha (A. St.-Hil.)

Krapov. & Cristóbal
Herb

Typical Melastomataceae Miconia fallax DC. Shrub
Typical Menispermaceae Cissampelos ovalifolia DC. Herb
Typical Poaceae Axonopus pressus (Nees ex Steud.)

Parodi
Herb

Forested Dilleniaceae Doliocarpus dentatus (Aubl.) Standl. Vine
Forested Malpighiaceae Mascagnia cordifolia (A. Juss.)

Griseb.
Vine

Forested Melastomataceae Leandra melastomoides Raddi Shrub
Forested Melastomataceae Leandra lacunosa Cogn. Shrub
Forested Melastomataceae Miconia paucidens DC Subshrub
Forested Poaceae Panicum sellowii Nees Herb
Forested Rubiaceae Coccocypselum lanceolatum (Ruiz

&Pav.) Pers.
Herb

Forested Rubiaceae Palicourea marcgravii A. St.-Hil. Shrub
Forested Rubiaceae Psychotria hoffmannseggiana (Willd.

ex Schult.) Müll.Arg.
Subshrub
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2.4. Light response curves

We used an LcProSD (ADC BioScientific Ltd., Hoddesdon, UK)
photosynthesis measurement system for gas exchange light curves.
Healthy leaves (one leaf per individual), from the second and third
node, without senescence and damage signals, were placed in the
LcProSD broad chamber (6 cm2), at ambient CO2 concentrations
(398.17 ± 2.13 μL l−1) and relative humidity (≈65%), but controlling
the temperature (26 ± 1.6 °C). We used 16 photosynthetic photon flux
density (PPFD) levels generated by a blue-red led light source in the
following order: 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 200,
160, 120, 80, 40, 20, 10 and 0 μmolm−2 s−1. Area-based net photo-
synthetic rate (ACO2) and stomatal conductance (gs) at each PPFD were
stored once those values had stabilized (around 6min). Leaf tempera-
ture was maintained at 26.5 ± 1.6 °C. Leaf respiration (RD) was mea-
sured by keeping the leaves for ten minutes in the dark by covering the
leaf chamber with aluminum foil. Measurements were taken during the
morning hours (9:00–11:30 h).

A non-rectangular hyperbole was fitted to the data (area-based CO2

assimilation (ACO2) as a function of PPFD) following Thornley (1976)
and using the algorithms provided by Lobo et al. (2013). Based on the
fitted curves, we extracted values of Amax – the maximum area-based
rate of light-saturated ACO2 [μmol(CO2) m−2 s−1], the light-compen-
sation point (LCP) (PPFD where ACO2=0), and the light-saturation
point (LSP) (Prioul and Chartier, 1977). Apparent quantum yield (AQY)
was calculated as the initial slope of the light response curve. The
convexity coefficient (CC ebending rate of the photosynthetic light
response curve) was obtained from the non-rectangular hyperbole fitted
to the data.

2.5. Statistical analysis

Our focus was on comparing species exclusively found on open sa-
vanna sites with those of forested savanna sites. In this regard we used
the mean values provided for each species in a multivariate analysis of
variance (MANOVA), followed by F-tests to test for differences in leaf
morphological and physiological characteristics between typical and
forested savanna herbaceous plants (α=0.05). Prior to the analysis we
checked for data homoscedasticity, which was fulfilled (Levenés test
F < 2.12, P > 0.08).

3. Results

3.1. Leaf morphology and pigments

FS and TS species differed (MANOVA Wilks λ=0.152, F5= 12.25,
P < 0.01) in specific leaf area and leaf pigment concentrations (Fig. 1).
TS species had leaves with lower (F1,15= 29.28, P < 0.01) specific leaf

area (130.94 vs 267.73 cm2 g−1). In terms of pigments, there were
significant (F1,15 > 5.20, P < 0.05) differences for chlorophyll b, total
carotenoids and chlorophyll a:b ratio (Fig. 1). Forested savanna species
had leaves with higher concentrations of chlorophyll b (16.20 vs

Fig. 1. Box plots (5th-95th percentile) of leaf attri-
butes related to light environment in typical (TS) and
forested savanna (FS) understory species. (A) specific
leaf area (SLA); (B) chlorophyll a; (C) chlorophyll b;
(D) total carotenoids; (E) total chlorophyll and (F)
chlorophyll a:b ratio. Solid lines: median; dashed
lines: mean. * indicates significant differences ac-
cording to the F-test (P < 0.05).

Fig. 2. CO2 assimilation rates (ACO2) vs. photosynthetic photon flux density (PPFD) in (A)
herbs, (B) subshrubs and (C) shrubs. White circles: typical savanna species (TS); black
circles: forested savanna species (FS).
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10.91 μg cm−2), but with lower concentrations of total carotenoids
(7.24 vs 8.80 μg cm−2) and lower chlorophyll a:b ratio (2.37 vs 2.96).
No differences (F1,15 < 1.00, P > 0.30) were found for chlorophyll a
(31.24 vs 31.90 μg cm−2) or total chlorophyll (41.15 vs 48.11 μg.cm−2)
concentrations.

3.2. Light response curves

FS and TS species showed clear differences in the shape of the light
response curves, and hence of the underlying photosynthesis processes
(Fig. 2). ACO2 in FS species increased faster than in TS species at lower
light levels but approached saturation at lower light levels. Overall
ACO2 was higher for FS species at low PPFD, but lower at high PPFD
(Fig. 2). There were also clear differences between FS and TS species in
the photosynthetic parameters derived from the light response curves
(MANOVA Wilks λ=0.147, F6= 10.59, P < 0.01). The higher ap-
parent quantum yield of FS species indicates higher light use efficiency
for fixing CO2 at low PPFD as compared to TS species (Table 2). They
also reached the light compensation point (LCP) at lower PPFD. In
contrast, TS species had higher values of maximum ACO2 (Amax) and
dark respiration (RD), and reached saturation at higher PPFD, while
there were no differences between FS and TS species for the convexity
coefficient (Table 2).

TS species had a high variation in LCP and most species reached
light compensation at PPFD values that were above the mean PPFD
incident on the soil surface of a forested savanna, about
32 μmolm−2 s−1 (Fig. 3). FS species were more constrained in the
range of LCP values; however, all of them reached light compensation
at PPFDs well below 32 μmol m−2 s−1.

4. Discussion

Our expectations were corroborated, since typical and forested sa-
vanna plants differed for the majority of the studied traits (Table 2 and
Fig. 1), providing evidence for distinct leaf functional typologies related
to the prevailing irradiance levels on their environment of occurrence.
Plants that occurred exclusively in the understory of encroached en-
vironments (high canopy cover and lower irradiances) had leaves with
high specific leaf area, elevated chlorophyll b concentration and lower
photosynthetic capacity. In contrast, plants from open canopy savannas
had thicker leaves with higher photosynthetic capacity and higher
concentration of carotenoids. These responses were previously reported
for tree species thriving under sun and shade conditions (Givnish, 1988)
as well for tropical forest trees and some species of understory vege-
tation (Chazdon and Pearcy, 1986; Valladares and Niinemets, 2008),
but rarely reported for understory tropical savanna plants.

The lower SLA and high carotenoid concentration of TS species can
be posed as an indicator of protection mechanisms against the elevated
irradiances prevailing on these more open savanna habitats (Franco and
Lüttge, 2002; Franco et al., 2007). The lower values of SLA of TS species
is the result of high level of investment in tissue thickness, closely
packed mesophyll cells and in suberized and lignified structures (Bieras
and Sajo, 2009; Pinheiro et al., 2017). In contrast, understory FS plants
showed thinner leaves with high concentrations of chlorophyll b on a
leaf area basis. Preferential investment in light capture is an important
strategy to thrive under low light availability (Poorter and Bongers,
2006), and their photosynthetic patterns were also in accordance with
what one would expect for shade tolerant species: low Amax coupled
with low light compensation and saturation points and low leaf re-
spiration (Valladares et al., 2000).

Our analysis of the photosynthetic light response curves contributes
to our understanding of the causes related to the disappearance of ty-
pical savanna understory plants following forest tree encroachment
(Durigan and Ratter, 2006; Abreu et al., 2017). Their disappearance
may be the result of carbon starvation given the strong decrease in light
availability in savannas undergoing forest encroachment. Under forest
savanna conditions, average values of PPFD available for understory
plants are around 32 μmol m−2 s−1. These low light levels would
probably lead to negative carbon balance in leaves for the majority of
typical savanna understory plants, which required, on average, 36 μmol
photons m−2 s−1 just to reach the light compensation point for in-
stantaneous measurements of leaf-level photosynthesis (Table 2).

In fact, seven out of nine TS species would not be capable to achieve
their light compensation points under dense tree encroachment condi-
tions. However, these irradiance levels are more than enough to pro-
mote positive carbon gain at the leaf level of all studied forested sa-
vanna species (where average LCP is around 6 μmolm−2 s−1) (Fig. 3).
One can argue that phenotypic plasticity could allow the persistence of
typical savanna plants under encroached conditions, as many woody
species from the Cerrado are reported to occur under distinct irradiance
levels (Lemos Filho et al., 2008; Bedetti et al., 2011). Despite further
work is required to unravel the potential of understory savanna species
to acclimate to different irradiance conditions, 8 out of 9 of the studied
species from typical savanna were never reported to occur under
forested conditions (Mendonça et al., 2008; Pinheiro et al., 2016). From
our list of studied species, Anacardium humile is the only one reported to
occur in forested formations (Mendonça et al., 2008), exactly the spe-
cies from typical savanna that has the lowest compensation point in
comparison with other species (Fig. 3). Although it is clear that en-
croachment affects the C balance at the leaf level, studies at the whole
plant level are necessary to clearly understand plant C balance and
consequently survival, growth and persistence in such encroached sa-
vannas.

Nutrients and water availability may also play a role on species
persistence, since they also change according with encroachment con-
dition (Eldridge et al., 2011). Rossatto and Rigobelo (2016) showed

Table 2
Photosynthetic parameters studied for typical savanna and forested savanna conditions.
Means followed by standard error of the mean (n= 10). Different letters on the same line
denote significant differences according to an F test (α=0.05). SLA – specific leaf area;
Amax – maximum area-based rate of light-saturated CO2 assimilation; RD – leaf dark re-
spiration; LCP – light compensation point; LSP – light saturation point; AQY – apparent
quantum yield; CC – convexity coefficient.

Parameters Typical Savanna Forested Savanna

SLA [cm2 g−1] 129.05 ± 14.17 b 252.77 ± 23.25 a
Amax [μmol (CO2) m−2 s−1] 24.91 ± 1.49 a 18.56 ± 1.68 b
RD [μmol (CO2) m−2 s−1] -3.96 ± 0.33 b -1.97 ± 0.25 a
LCP [μmol (photons) m−2 s−1] 35.78 ± 1.07 a 6.44 ± 1.06 b
LSP [μmol (photons) m−2 s−1] 391.23 ± 28.55 a 166.62 ± 15.33 b
AQY [μmol (CO2) μmol−1 (photons)] 0.071 ± 0.004 b 0.091 ± 0.001 a
CC 0.808 ± 0.031 a 0.776 ± 0.058 a

Fig. 3. Individual light compensation points (LCP) for typical (TS) and forested (FS) sa-
vanna species in relation to the mean value of photosynthetic photon flux density (PPFD,
in μmol m−2 s−1) incident on a forested savanna understory. The vertical solid line
corresponds to the mean PPFD of 32 μmol m−2 s−1 measured at the soil surface of a
forested savanna (see Material and Methods) while the dotted lines represent the standard
deviation.
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increases in soil P, carbon matter and microbial activity under forested
savanna, and Pinheiro et al. (2016) showed higher soil water avail-
ability in forested savanna than in typical savanna. Such changes may
act together on plant establishment (especially germination and
growth); however, we argue that light availability is the most im-
mediate factor since canopy cover can be achieved more quickly than
biogeochemical changes and can strongly affect the carbon balance of
the already established plants in the understory.

One manner to restore conditions for persistence of typical savanna
plants is to use fire as a management tool to create habitat hetero-
geneity that would allow the maintenance of populations of understory
species with different levels of shade tolerance. However, the use of fire
as a means of management is not always feasible since it demands a
very strict control, high investment in trained staff, infrastructure, and
equipment and carries inherent risks, as fires can escape or produce
hazardous smoke if not managed correctly (Durigan and Ratter, 2016).
Taken the photosynthetic strategies shown here, a potential alternative
would be the partial cutting of the woody layer to create gaps, which
would allow more light to enter these encroached areas leading to es-
tablishment/growth/resprout of heliophyllous herbaceous species
(Beaudet et al., 2004; Lemenih et al., 2004). The cut biomass, however,
should be removed since it could lead to build up of great amounts of
fuel that could lead to fires of catastrophic proportion (Govender et al.,
2006).

Our results have an impact on our understanding of possible plant
community changes in Cerrado areas given the observed patterns of
global change reported for savannas (Franco et al., 2014; Stevens et al.,
2017). We provide strong evidence that forest tree encroachment of
savannas will affect persistence of typical savanna understory species,
due to their higher light requirements to maintain positive carbon
balance. This would bring not only changes in the community structure
and composition of the understory vegetation, but it could also affect
ecosystem aspects related to litter production and nutrient cycling.
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