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a b s t r a c t

Semi-arid savannas are characterised by alternating wet and dry seasons and large inter-annual rainfall
fluctuations that affect plant growth. Carbon-based secondary metabolites (CBSMs) vary inversely with
growth and nutrients because of the physiological trade-off between cellular growth and differentiation.
We predicted that (1) nutrient concentrations decrease during the wet season, (2) CBSM concentrations
increase during the wet season and (3) nutrient concentrations are lowest and CBSM concentrations are
highest in the dry season. We measured nitrogen, phosphorus, total polyphenols and condensed tannins
in six woody species (including one evergreen) seasonally at the Nkuhlu exclosure, Kruger National Park,
South Africa, for three consecutive years, including one ‘wet’ year (above-average rainfall) and two ‘dry’
years (below-average rainfall). Neither N nor P consistently decreased during wet seasons, while CBSMs
did not consistently increase. Neither N nor P in the evergreen species was consistently lowest in dry
seasons, while CBSMs were not consistently highest in dry seasons. We discuss the inconsistent re-
sponses in the context of species-specificity and high inter-annual rainfall variation. We conclude that
seasonal variations in N, P and CBSMs in semi-arid savannas cannot be easily generalised because they
depend on species and year.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Savannas are characterised by alternating wet and dry seasons
that each last several months (Kutsch et al., 2008). Most subtropical
savannas in Africa are semi-arid and water is the main limiting
resource for plant growth for most of the year (Scholes et al., 2003;
Jacobs et al., 2007). Nitrogen is most available early in the wet
season when elevated soil water drives mineralization (Scholes
et al., 2003). Plant growth is therefore intermittent and occurs for
only brief periods, mainly early in the wet season (Williams et al.,
2009). However, semi-arid savannas also experience large, inter-
annual fluctuations in the timing and amount of rainfall that
ings).
affect plant growth (Wiegand et al., 2006). When water and nu-
trients are abundant, e.g., early in the growing season, then woody
species may be expected to have fast growth rates, high nutrient
concentrations and low secondary metabolite concentrations
(Herms and Mattson, 1992; Martz et al., 2010). Nutrients, such as N
and P, contribute to a plant's overall value for mammal herbivores
(Mårell et al., 2006) and their concentrations generally decrease
during the growing season (Lesage et al., 2000; Nahm et al., 2007;
Cernusak et al., 2011) and are generally lower in years with below-
average rainfall (Nahm et al., 2007).

Carbon-based secondary metabolites (CBSMs), such as tannins
and polyphenols, are ecologically important compounds in plants
for various reasons, e.g., as protection against herbivores, patho-
gens or UV radiation (Skarpe and Hester, 2008; Tharayil et al.,
2011). Their roles in planteherbivore interactions include
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reducing plant palatability and intake or digestion by herbivores
(Basha et al., 2013) and reducing internal parasite loads in herbi-
vores (Copani et al., 2013). In leaf litter, CBSMs are a major source of
carbon for soils and influence litter decomposition and nutrient
cycling (Tharayil et al., 2011). Therefore, CBSMs are important
components of ecosystems because of their roles in mediating vital
ecological processes (Iason et al., 2012). Increased knowledge on
how nutrient and CBSM concentrations vary seasonally and
annually could contribute to understanding variations in herbivore
populations and nutrient cycling (Covelo and Gallardo, 2001;
Tharayil et al., 2011). High nutrient or low CBSM concentrations
early in the wet season could compromise plant fitness, but may
benefit herbivores.

Our aim was to determine the variations in nutrient and CBSM
concentrations in foliage of abundant woody species in a semi-arid
savanna, as affected by season and year. The abundance of mammal
herbivores in Africa is high compared to other continents (Fritz and
Loison, 2006), but the extent to which mammal herbivores directly
influence nutrient and CBSM concentrations in woody plants in
African savannas is unknown. Hence, our scale of interest was the
foliage available for large, mammal herbivores, rather than indi-
vidual leaves, and our framework was a basic mechanistic one as
follows. Concentrations of CBSMs are assumed to be inversely
related to growth and therefore are expected to increase when
growth rate is relaxed late in the growing season. Surplus C accu-
mulates and becomes available for production of CBSMs (Covelo
and Gallardo, 2001; Gayler et al., 2007; Tharayil et al., 2011)
because they are biochemical end-products (Riipi et al., 2002;
Martz et al., 2010). However, the magnitude and timing of fluctu-
ations in both nutrient and CBSM concentrations is species-specific
and some species express minimal changes (Mårell et al., 2006;
Cella-Pizarro and Bisigato, 2010; Narvaez et al., 2010; Basha et al.,
2012).

We predicted that (1) nutrient (N and P) concentrations
decrease during the course of the wet season, (2) CBSMs, measured
as total polyphenol (TP) and condensed tannin (CT) concentrations,
increase during the course of the wet season, and (3) nutrient
concentrations are lower and CBSM concentrations are higher in
the dry season, when nutrients are less available and the risk of
herbivory by mammals is greater because of forage depletion, than
in the wet season. We also expected that seasonal changes would
be influenced by the year in which sampling occurred, because of
inherently high inter-annual variability. We tested our hypothesis
by sampling five deciduous and one evergreen species in Kruger
National Park, South Africa, for three consecutive years. Including
several species in the study allowed species-specific patterns to be
explored. Sampling over three years allowed inter-annual vari-
ability to be considered. In particular, the study duration provided
an opportunity to interpret our results in terms of annual variation
in one of the strongest drivers of semi-arid vegetation, namely,
rainfall. Our approach was at a scale that is useful for the man-
agement of extensive areas used for either biodiversity conserva-
tion or livestock production (Levick and Rogers, 2008).

2. Materials and methods

2.1. Study area and species

The study area comprised 30 ha at Nkuhlu (24� 580 S, 31� 460 E)
directly east of the Sabie River in Kruger National Park, South Africa.
The vegetation in the area was protected from fire and large her-
bivores by a firebreak and a fence since 2002, which allowed the
study of intra- and inter-annual changes to be unaffected by either
browsing or fire. The fence was designed to exclude mammal her-
bivores such as impala (Aepyceros melampus), African elephant
(Loxodonta africana), hippo (Hippopotamus amphibius), black rhino
(Diceros bicornis), white rhino (Ceratotherium simum), blue wilde-
beest (Connochaetes taurinus), Cape buffalo (Syncerus caffer), plains
zebra (Equus quagga), greater kudu (Tragelaphus strepsiceros),
steenbok (Raphicerus campestris), giraffe (Giraffa camelopardalis)
and scrub hare (Lepus saxatilis). Elephant, impala, black rhino, kudu,
steenbok, giraffe and hares include substantial woody plant ma-
terial in their diets.

The climate of the study area is semi-arid subtropical with two
broadly distinct seasons: a hot, occasionally wet, growth season
(from October/November to April), and a warm, dry, non-growing
season (Williams et al., 2009). Mean annual rainfall at Skukuza,
30 km west of Nkuhlu, is ~550 mm. Average daily temperatures at
Skukuza are 15.7 �C in June and 26.6 �C in January. Average mini-
mum temperature in June is 5.7 �C and average maximum tem-
perature in January is 32.6 �C. Altitude ranges from 200 to 230 m
above mean sea level.

The study area included the complete sequence of terrain
morphology from footslope to crest in undulating landscape
derived from granite. The crests and middle slopes were charac-
terised by shallow, sandy, coarse soil overlying rock and the foot-
slopes below the seepline were characterized by deep, sodic,
duplex soil, which is a typical pattern on catenas in granite-derived,
semi-arid landscapes (Khomo and Rogers, 2005). Vegetation on
sodic soils is sparse and regarded as more nutritious than crest
vegetation for large herbivores, especially grazers and mixed
feeders (Levick and Rogers, 2008). Abundant woody species
included Acacia grandicornuta and Euclea divinorum on the foot-
slopes, and Dichrostachys cinerea, Acacia exuvialis, Combretum api-
culatum and Grewia flavescens on the middle slopes and crests
(Siebert and Eckhardt, 2008).

A. exuvialis Verdoorn and A. grandicornuta Gerstner (both
Mimocaceae) are deciduous, leguminous trees with bi-pinnate
microphyllous leaves and long straight spines in pairs at the
nodes. D. cinerea (L.) Wright and Arn. subsp. africana Brennan and
Brummitt (hereafter referred to as D. cinerea) (Mimocaceae) is a
deciduous, leguminous, multi-stemmed large shrub with bi-
pinnate microphyllous leaves and stem-spines (short shoots that
have sharp tips). C. apiculatum Sond. (Combretaceae) and G. fla-
vescens Juss. (Tiliaceae) are deciduous and simple-leaved, but
C. apiculatum is a tree, while G. flavescens is a many-stemmed large
shrub. E. divinorum Hiern (Ebenaceae) is an evergreen, simple-
leaved, many-stemmed, large shrub.

2.2. Sampling

Unlike woody plant growth in temperate and boreal forests,
growth in semi-arid subtropical savannas occurs in recurrent and
unpredictable flushes. Therefore, the start, middle and end of the
wet season can vary by several weeks between one year and
another. Most leaf growth of woody species in the study area
occurred at the start of the wet season, although additional, smaller
flushes occurred at other times (Scogings et al., 2013a,b). We
sampled A. grandicornuta, D. cinerea, C. apiculatum and G. flavescens
during three stages of each wet season (start of the wet season in
late November/early December, middle of the wet season in late
January/early February and end of the wet season in late March/
early April) for three successive wet seasons (2005/2006, 2006/
2007 and 2007/2008). We also sampled A. exuvialis and
E. divinorum at each stage of two wet seasons (2005/2006, 2006/
2007), but not in the third wet season because of practical con-
straints. Furthermore, E. divinorumwas sampled in two dry seasons
(2005 and 2007). In the 2005/2006 wet season, rainfall was
consistently above average, but rainfall was below average in the
latter half of the 2006/2007 and 2007/2008 wet seasons (Fig. 1).



Fig. 1. Monthly rainfall at Skukuza during the study. Long-term mean annual rainfall at Skukuza is ~550 mm. For comparison, long-term average monthly rainfall is also shown.
Total annual rainfall for each ‘climatic’ year (JulyeJune) is indicated above the bars.

P.F. Scogings et al. / Journal of Arid Environments 114 (2015) 54e6156
A 30 � 30 m grid superimposed on a LIDAR image of the study
area was used to randomly locate 12 sites on each sampling date.
We sampled at different sites within the study area to avoid re-
sampling individual trees, thus avoiding confounding effects of
destructive sampling. While the effect of sample site could
confound the effects of sampling date, the scale of the study was
the average responses of abundant woody species in the landscape.
One plant of each study species was sampled in each grid cell (six
for species inhabiting crests/midslopes and six for species on
footslopes) on condition that the plant was (1) closest to the grid-
cell centre, (2) taller than 2 m (1.5 m for G. flavescens), and (3)
neither obviously stressed by disease, disturbance or neighbours
nor obviously growing in a nutrient enriched patch. The minimum
height of selected G. flavescens plants was 1.5 m because it seldom
grows above 2 m. If any of the conditions failed to be met for the
closest tree, then the next closest tree that met the conditions was
sampled. No tree was sampled if the closest suitable tree was
further than 15m from the grid-cell centre to avoid infringement of
neighbouring cells.

Leaf samples were collected from each plant by clipping
branches 3e8 mm in diameter from the northern, sunlit half of the
canopy between 1.5 and 2.2 m above ground, which was within the
range of dominant browsers in the study area. For G. flavescens, the
lowest permissible height for collection was reduced to 1.0 m
because of its low stature. Branches were collected 1e4 h after
sunrise. Mature (fully expanded) leaves were removed from the
branches and leaves that were clearly damaged by insects were
discarded to reduce any confounding effects of insect herbivory. A
fresh mass of 30e50 g was thus obtained for drying in an oven for
24 h at 60 �C. Dried leaf samples were milled to pass a sieve with
1.0 mm apertures and were analysed for concentrations of
condensed tannins according to the acid-butanol assay (Porter
et al., 1986), which is widely used to quantify extractable
condensed tannins (Hagerman, 2002). Sorghum tannin (ST) was
used as the standard and results were expressed as mg ST equiva-
lents g�1 dry matter. We also determined total polyphenols ([TP])
(Price and Butler, 1977), Kjeldahl-N ([N]) (AOAC, 1990) and phos-
phorus ([P]) (Murphy and Riley, 1962). All concentrations were
expressed in mg g�1 dry mass. [CT] and [TP] were expressed as
Sorghum tannin equivalents (STE) and gallic acid equivalents (GAE),
respectively. The use of Sorghum tannin as a standard may under-
estimate CT concentrations compared with other standards, but
Sorghum tannin seems to be generally better than other commer-
cially available tannins (Hattas and Julkunen-Tiitto, 2012). We note
that changes in specific CBSM compounds that may have bioactive
properties relevant to mammal browsers in savannas may have
been obscured by the use of general assays.

2.3. Data analysis

Data were analysed separately for each species because we ex-
pected responses to be species-specific (Scogings et al., 2011).
Plants were replicates. Data were transformed to log10 (x) when
this normalised the data. The ANOVA model containing the inter-
action between season and year was tested for [N], [P], [TP] and [CT]
of each species, assuming a completely randomised design and
type III sums of squares for unequal sample sizes. Tukey's HSD test
was used to separate the means. Significance was declared when
P < 0.05, while possible trends were not ignored when
0.10 > P > 0.05.

3. Results

Notwithstanding effects of time, species varied substantially in
terms of measured chemical variables (Figs. 2e5). Regarding pre-
diction 1, there was a significant interaction between the effects of
season and year on [N] in A. exuvialis (F2,32 ¼ 4.57; P ¼ 0.018),
A. grandicornuta (F4,59 ¼ 4.60; P ¼ 0.003), C. apiculatum
(F4,62 ¼ 14.79; P < 0.001), D. cinerea (F4,64 ¼ 6.33; P < 0.001) and
G. flavescens (F4,63 ¼ 3.92; P ¼ 0.007) (Fig. 2). Decreasing [N] during
the wet season was observed in A. exuvialis in only one year. In
A. grandicornuta [N] did not significantly decrease from start to end
of the wet season. In C. apiculatum and G. flavescens [N] decreased
during only two of the three wet seasons studied. In both
C. apiculatum and D. cinerea, [N] reached its lowest levels in ‘dry’
years. Season significantly affected [N] in E. divinorum (F3,49 ¼ 5.30;
P ¼ 0.003), which generally reached high levels at the end of the
wet season.
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Fig. 2. Mean nitrogen concentration (mg g�1) in leaves of Acacia exuvialis (n ¼ 3, 6, 6, 12, 6, 5), Acacia grandicornuta (n¼ 3, 6, 6, 12, 5, 2, 12, 18, 4), Dichrostachys cinerea (n ¼ 3, 6, 6, 12,
5, 6, 12, 17, 6), Combretum apiculatum (n ¼ 3, 6, 6, 12, 6, 6, 12, 17, 3), Grewia flavescens (n ¼ 3, 6, 6, 12, 6, 6, 12, 16, 5) and Euclea divinorum (n ¼ 6, 6, 6, 9, 12, 6, 6, 6) at Nkuhlu, Kruger
National Park, during different seasons. Leaves were sampled between 1.5 and 2.2 m (1.0e1.5 m on G. flavescens). Letters indicate significant differences (P < 0.05) among seasons
within year (lower case) and among years within season (upper case). The same letters, or none, indicate no significant differences. Error bars are standard errors of the means.
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The effects of season and year on [P] interacted significantly in
A. grandicornuta (F4,59 ¼ 22.45; P < 0.001), D. cinerea (F4,65 ¼ 9.46;
P < 0.001), C. apiculatum (F4,61 ¼ 8.48; P < 0.001), G. flavescens
(F4,63 ¼ 24.68; P < 0.001) and E. divinorum (F3,49 ¼ 8.77; P < 0.001)
(Fig. 3). In A. exuvialis [P] was significantly affected by year
(F1,32 ¼ 61.71; P < 0.001). In all species [P] generally reached its
lowest levels in ‘dry’ years. In D. cinerea, C. apiculatum and
G. flavescens [P] did not increase during the wet season, but
generally decreased or remained unchanged, while E. divinorum [P]
increased in the wet season in one year.

Giving support to prediction 2, A. exuvialis [TP] tended to
decrease during the wet season (F2,32 ¼ 3.12; P ¼ 0.058) (Fig. 4). In
G. flavescens [TP] was significantly affected by season (F2,63 ¼ 12.59;
P < 0.001) and year (F2,63 ¼ 21.59; P < 0.001), such that [TP]
increased during the wet season in the ‘wet’ year, but did not
consistently reach its lowest levels in ‘dry’ years. A significant
interaction between season and year was observed for [TP] in
A. grandicornuta (F4,59 ¼ 3.39; P ¼ 0.015), D. cinerea (F4,64 ¼ 6.33;
P < 0.001), C. apiculatum (F4,62 ¼ 18.84; P < 0.001) and E. divinorum
(F3,49 ¼ 24.55; P < 0.001). In A. grandicornuta and C. apiculatum [TP]
did not increase during the wet season. In D. cinerea [TP] increased
during the wet season in a ‘dry’ year. In E. divinorum [TP] did not
change during the wet season, but changed between the wet and
dry seasons in one year (see details below).

In A. exuvialis [CT] did not change during the wet season
(P> 0.05) (Fig. 5). In A. grandicornuta [CT] tended to decrease during
the wet season (F4,58 ¼ 2.97; P ¼ 0.059). The effects of season and
year on [CT] interacted significantly in D. cinerea (F4,65 ¼ 4.19;
P ¼ 0.004), C. apiculatum (F4,64 ¼ 5.87; P < 0.001), G. flavescens
(F4,61 ¼9.55; P < 0.001) and E. divinorum (F3,49¼ 4.41; P¼ 0.008). In
D. cinerea [CT] increased during the wet season in the ‘wet’ year
only. In C. apiculatum and G. flavescens [CT] increased during the
wet season in two years (one ‘wet’ and one ‘dry’). In E. divinorum
[CT] decreased during the wet season and tended to be lower in the
‘dry’ year than the ‘wet’ year (F1,49 ¼ 4.00; P ¼ 0.051).

With regards to prediction 3, which could only be tested for the
evergreen E. divinorum, [N] generally reached high levels in the dry
season (F3,49 ¼ 5.30; P ¼ 0.003), while [P] was lowest in the dry
season in one year, which was a ‘dry’ year (F3,49 ¼ 9.94; P < 0.001).
In E. divinorum, [TP] was highest in the dry season in only one year,
which was a ‘wet’ year (F3,49 ¼ 24.55; P < 0.001), while [CT]
generally increased in the dry season (F3,49 ¼ 4.41; P ¼ 0.008).

4. Discussion

Notwithstanding any possible confounding of our results by
unmeasured factors such as soil nutrient and water availability at
each sampling site, two of our predictions were partially supported
and the third prediction was not supported. Therefore, while the
results of the study showed that nutrient and CBSM concentrations
varied through the growing season, they are highly variable and the
causes of variability remain unclear. The results are discussed in the
context of catenal position and variation in annual rainfall during
the study period.

4.1. Nutrients during the wet season

Our first prediction that nutrients decrease during the wet
season was partially supported. There was a general trend of
decreasing [N] during the wet season, but it was not consistent. In



0

1

2

3

4

5

2005/2006 2006/2007 2007/2008
Climatic year (July to June)

P
ho

sp
ho

ru
s 

co
nc

. (
m

g 
g-1

) Acacia gandicornuta

A A A
a,A 

b,B  b,B  b,B  

a,A,B b,A,B 

0

1

2

3

4

5

2005/2006 2006/2007 2007/2008
Climatic year (July to June)

P
ho

sp
ho

ru
s 

co
nc

. (
m

g 
g-1

) Dichrostachys cinerea
A

A
A

B
BB

a,A 

b,B  b,A  

0

1

2

3

4

5

2005/2006 2006/2007 2007/2008
Climatic year (July to June)

P
ho

sp
ho

ru
s 

co
nc

. (
m

g 
g-1

) Grewia flavescens
A

A A
a,A 

b,B  b,B  
b,B b,B  

a,A,B 

0

1

2

3

4

5

2005/2006 2006/2007 2007/2008
Climatic year (July to June)

g
g

m(.cnoc
surohpsohP

-1
)

Acacia exuvialis

No data

A

A A
a,B 

b,B 
b,B 

0

1

2

3

4

5

2005/2006 2006/2007 2007/2008
Climatic year (July to June)

P
ho

sp
ho

ru
s 

co
nc

. (
m

g 
g-1

) Combretum apiculatum
a,A 

b,A b,A  
a,A 

b,B  
b,A,B A,B B

B

0

1

2

3

4

5

2005/2006 2006/2007 2007/2008
Climatic year (July to June)

P
ho

sp
ho

ru
s 

co
nc

. (
m

g 
g-1

) Early wet
Mid wet
Late wet
Dry

No data

Euclea divinorum

a,A 

b 
a,b 

b,A a  
a,b a,B 

b,B  

Fig. 3. Mean phosphorus concentration (mg g�1) in leaves of Acacia exuvialis (n ¼ 3, 6, 6, 12, 6, 5), Acacia grandicornuta (n ¼ 3, 6, 6, 12, 5, 2, 12, 18, 4), Dichrostachys cinerea (n ¼ 3, 6, 6,
12, 5, 6, 12, 17, 6), Combretum apiculatum (n ¼ 3, 6, 6, 12, 6, 6, 12, 17, 3), Grewia flavescens (n ¼ 3, 6, 6, 12, 6, 6, 12, 16, 5) and Euclea divinorum (n ¼ 6, 6, 6, 9, 12, 6, 6, 6) at Nkuhlu, Kruger
National Park, during different seasons. Leaves were sampled between 1.5 and 2.2 m (1.0e1.5 m on G. flavescens). Letters indicate significant differences (P < 0.05) among seasons
within year (lower case) and among years within season (upper case). The same letters, or none, indicate no significant differences. Error bars are standard errors of the means.

P.F. Scogings et al. / Journal of Arid Environments 114 (2015) 54e6158
addition, phosphorus generally decreased during the wet season in
‘dry’ years only. Nitrogen reached its lowest levels in ‘dry’ years in
three species, while phosphorus did so in all studied species.
Several studies of seasonal changes in [N] in subtropical and
temperate systems have demonstrated anomalous or species-
specific changes (Khazaal et al., 1993; Woodward and Coppock,
1995; Styles and Skinner, 1997; Basha et al., 2012). For two of our
study species [N] did consistently decrease with time during the
wet season (A. exuvialis and D. cinerea), while [N] in the evergreen
species increased late in the wet season (E. divinorum). The two
deciduous species that conformed to our hypothesis are both
relatively fast growing compared to other species in the study area
(Scogings, 2011), which may explain why their [N] consistently
decreased during the wet season. Fast-growing species are adapted
to conditions of high resource availability, but rapidly re-allocate N
to storage or reproduction when resources decline (Mårell et al.,
2006; Pollastrini et al., 2010).

Both [N] and [P] have been observed to decrease during the
growing season (Mårell et al., 2006; Cernusak et al., 2011). How-
ever, our results show that both [N] and [P] can increase in some
species. The observation of increasing [N] and [P] during the wet
season in E. divinorum is likely associated with its particular growth
phenology of growing new shoots late in the wet season (Zululand/
Sweden Kruger Browse Project e ZSKBP, unpubl. data). High
nutrient concentrations associated with delayed onset of growth
have also been observed for various deciduous woody species in
northern temperate forests, but for reasons related to latitude
(Lesage et al., 2000). The ability of E. divinorum to flush late in the
wet season, as well as the ability of A. grandicornuta to maintain
high foliar [N] during wet seasons, may be related to their occur-
rence on footslopes in semi-arid landscapes. A substantial
proportion of rainfall infiltrates the coarse sandy soil on crests and
eventually accumulates in the deep clay-rich subsoil of footslopes
late in the wet season (Jacobs et al., 2007). The difference in the
timing of water availability across the catena is evident from ob-
servations that both E. divinorum and A. grandicornuta maintain
positive radial stem growth in dry seasons, while species on sandy
crests do not (Scogings, 2011). In contrast to the species on foot-
slopes, those on crests decreased [N] and [P] more often than not
during the wet season.

One explanation for unexpected seasonal fluctuations is the
degree of synchronisation between fixed sampling events and
stochastic rainfall events that affect some species more than others.
For example, large differences between the beginning and middle
of the first wet season of our study compared to other years were
clear in C. apiculatum, which may have been caused by slightly
different stages of leaf development at the start of thewet season in
different years. Ideally, timing of sampling should be tied to
species-specific phenology because sampling all species at one time
may lead to changes being detected in some species but not all.

Both [N] and [P] in three species (A. exuvialis, C. apiculatum and
D. cinerea) were affected by year and were generally lowest in ‘dry’
years. In contrast, [N] in the remaining species (A. grandicornuta,
E. divinorum and G. flavescens) was unaffected by year, while [P] was
affected by year and was lowest in ‘dry’ years. The latter species are
thus important and reliable sources of N for herbivores. In partic-
ular, evergreen species are important in browser diets in the dry
season (Basha et al., 2012). Generally, the observed effect of year on
P indicates that P is an important limiting nutrient in savannas
(Ratnam et al., 2008). The contrasting effects of year on crest and
footslope species suggest that N is generally used more efficiently
by species on crests than on footslopes in savannas (Hanan et al.,
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2011) and that footslope species are particularly prone to periods of
P-limitation, while crest species are able to maintain balanced
nutritional status most of the time.

4.2. CBSMs during the wet season

Our second prediction that CBSMs increasewith time during the
wet season was not consistently supported. Both [TP] and [CT]
showed limited variation during the wet season in ‘dry’ years and
did not consistently reach high levels in ‘dry’ years. In the ‘wet’ year
[TP] decreased in three species (A. grandicornuta, C. apiculatum and
D. cinerea) and increased in one (G. flavescens), but [CT] increased in
three species (C. apiculatum, D. cinerea and G. flavescens) and
decreased in one (E. divinorum). Concentrations of CBSMs inwoody
species have been observed to increase, decrease or not change
seasonally in both subtropical and temperate woody species
(Woodward and Coppock, 1995; Styles and Skinner, 1997; Khazaal
et al., 1993; Riipi et al., 2005; Basha et al., 2012). CBSMs have also
shown unimodal, hump-shaped responses during the growing
season (Covelo and Gallardo, 2001). Decreasing or unchanging
CBSMs have been ascribed to translocation, leaching, or turnover
(Kleiner et al., 1999; Covelo and Gallardo, 2001). The role of these
processes in regulating CBSMs in woody species during the wet
season in semi-arid subtropical savannas remains unknown.

Among our limited set of species, the one that was able to in-
crease both [TP] and [CT] during the wet season (G. flavescens) has
also been reported to increase CBSM concentrations in response to
browsing (Scogings et al., 2011). In the remaining species, for which
CBSM concentrations either did not change or decreased during the
wet season, the same responses have been observed under long-
term browsing (Scogings et al., 2011). The point here is that spe-
cies that increase CBSMs during the wet season also increase them
under long-term browsing, but species that decrease CBSMs in the
wet season decrease them when browsed. Therefore, we suggest
that the responses of CBSMs to resource availability (especially N)
emulate responses to browsing. Our results also suggested that
most woody species in conditions such as our study are not prone
to accumulating C during the wet season because they either
already have high proportional allocation of C to CBSMs, or are
relatively slow growing (Scogings, 2011; Scogings et al., 2011). That
[CT] increased while [N] decreased in three species (C. apiculatum,
D. cinerea, G. flavescens) in the ‘wet’ year suggest that [N] and [CT]
may be negatively correlated when resources are abundant (Herms
and Mattson, 1992; Scogings and Macanda, 2005), but the rela-
tionship is clearly not general.

Differences in quality between species, and species-specific
variation within and between years, means that herbivores are
frequently faced with a changing array of plants from which to
extract the nutrients and energy needed to meet their re-
quirements (Mårell et al., 2006). Our results suggested that sea-
sonal variations in potential palatability (in terms of [N] relative to
[CT]) changed less in some species (e.g., A. exuvialis,
A. grandicornuta and E. divinorum) than others (e.g., C. apiculatum,
D. cinerea, G. flavescens). The latter species also showed significant
inter-annual variation in [N] and [CT] early in thewet season, which
could have important implications for browser populations that
have high demands for nutrients at that time of year, e.g., for
lactation (Lesage et al., 2000; Mårell et al., 2006). Our results
indicated that browsers can be reasonably sure of the nutritional
value of some species (straight-thorned acacias and spineless
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evergreens in this study), but not others. Except for those species
that are CBSM-rich and N-poor, which we assume to be minor
components of most browsers’ diets (Cooper and Owen Smith,
1985; Sebata and Ndlovu, 2012), species that are likely to be ma-
jor parts of the diet could be unpredictable in nutritional value,
making inter-annual variations very important for browser pop-
ulations in semi-arid subtropical savannas. Inter-annual variations
in plant growth and resource allocation may be a strategy for
woody species to avoid herbivores, but the mechanisms are com-
plex and demand research. The consequence for browsers is that
they must be able to find good food in a highly variable landscape,
which could become more variable as a result of climate change.
Thus, diet selection patterns and associated impacts on vegetation
will change.
4.3. Nutrients and CBSMs in the dry season

We predicted that nutrients are lowest, while CBSMs are highest
in the dry season when resource availability is lowest and the
probability of browsing is highest. This was not supported by our
observations of E. divinorum. Nitrogen concentration was high in
the dry season, but [P] was low and CBSMs were not consistently
high in the dry season. In the study area, E. divinorum grows on
footslopes where water accumulates late in the wet season and
growth only starts at the end of the wet season. Even though
E. divinorum may have young green leaves at the start of the dry
season, and leaf N:CT is likely to be at its highest, E. divinorum
clearly remains unpalatable, compared to other species. While
A. grandicornuta was not included in the analysis of wet and dry
season differences because it is deciduous, we observed in one dry
season when A. grandicornuta retained green leaves that [N] and
[CT] stayed the same as wet season values, but [TP] increased 4-fold
(ZSKBP, unpubl. data). While the hypothesis that CBSMs increase in
the dry season was not consistently supported by E. divinorum,
further exploration of the hypothesis could benefit from inclusion
of facultative deciduous species such as A. grandicornuta.
Acknowledgements

The Zululand/Sweden Kruger Browse Project (ZSKBP) was fun-
ded by the University of Zululand (S78/05), National Research
Foundation (South Africa) (Grant 65761 of the Focus Area Pro-
gramme), Agricultural Research Council (South Africa), Swedish
Research Council and Swedish International Development Agency
(Grant 48494 of the NRF Sweden-South Africa Programme). Any
opinions, findings and conclusions or recommendations expressed



P.F. Scogings et al. / Journal of Arid Environments 114 (2015) 54e61 61
in this material are those of the authors and therefore the NRF does
not accept any liability in regard thereto. Scientific Services at
Kruger National Park provided support for fieldwork. Thandeka
Mamashela, Patricia Shabangu, Ntuthuko Mkhize, Julius Tjelele,
Basanda Nondlazi, Gilbert Pule, Frederik Engdahl, and Elin Gunve
helped in the field and lab. Comments from reviewers helped to
improve the manuscript.

References

AOAC, 1990. Official Methods of Analysis. Association of Official Analytical Chemists,
Arlington, USA.

Basha, N.A.D., Scogings, P.F., Dziba, L.E., Nsahlai, I.V., 2012. Diet selection of Nguni
goats in relation to season, chemistry and physical properties of browse in sub-
humid subtropical savanna. Small Rumin. Res. 102, 163e171.

Basha, N.A.D., Scogings, P.F., Nsahlai, I.V., 2013. Effects of season, browse species and
tannins on gas production kinetics of forages in the sub-humid subtropical
savannah, South Africa. J. Sci. Food Agric. 93, 1338e1348.

Cella-Pizarro, L.C., Bisigato, A.J., 2010. Allocation of biomass and photoassimilates in
juvenile plants of six Patagonian species in response to five water supply re-
gimes. Ann. Bot. 106, 297e307.

Cernusak, L.A., Winter, K., Turner, B.L., 2011. Transpiration modulates phosphorus
acquisition in tropical tree seedlings. Tree Physiol. 31, 878e885.

Cooper, S.M., Owen-Smith, N., 1985. Condensed tannins deter feeding by browsing
ruminants in a South African savanna. Oecologia 67, 142e146.

Copani, G., Hall, J.O., Miller, J., Priolo, A., Villalba, J.J., 2013. Plant secondary com-
pounds as complementary resources: are they always complementary? Oeco-
logia 172, 1041e1049.

Covelo, F., Gallardo, A., 2001. Temporal variation in total leaf phenolics concentra-
tion of Quercus robur in forested and harvested stands in northwestern Spain.
Can. J. Bot. 79, 1261e1269.

Fritz, H., Loison, A., 2006. Large herbivores across biomes. In: Danell, K., Bergstr€om, R.,
Duncan, P., Pastor, J. (Eds.), Large Herbivore Ecology, Ecosystem Dynamics and
Conservation. Cambridge University Press, Cambridge, pp. 19e49.

Gayler, S., Grams, T.E.E., Heller, W., Treutter, D., Priesack, E., 2007. A dynamical
model of environmental effects on allocation to carbon-based secondary
compounds in juvenile trees. Ann. Bot. 101, 1089e1098.

Hagerman, A.E., 2002. Tannin Handbook. Miami University, Oxford, USA. http://
www.users.muohio.edu/hagermae/tannin.pdf.

Hanan, N.P., Boulain, N., Williams, C.A., Scholes, R.J., Archibald, S., 2011. Functional
convergence in ecosystem carbon exchange in adjacent savanna vegetation
types of the Kruger National Park, South Africa. In: Hill, M.J., Hanan, N.P. (Eds.),
Ecosystem Function in Savannas: Measurement and Modeling at Landscape to
Global Scales. CRC Press, Boca Raton, USA, pp. 77e95.

Hattas, D., Julkunen-Tiitto, R., 2012. The quantification of condensed tannins in
African savanna tree species. Phytochem. Lett. 5, 329e334.

Herms, D.A., Mattson, W.J., 1992. The dilemma of plants: to grow or defend. Q. Rev.
Biol. 67, 283e335.

Iason, G.R., Dicke, M., Hartley, S.E. (Eds.), 2012. The Ecology of Plant Secondary
Metabolites. Cambridge University Press, Cambridge, UK.

Jacobs, S.M., Bechtold, J.S., Biggs, H.C., Grimm, N.B., Lorentz, S., McClain, M.E.,
Naiman, R.J., Perakis, S.S., Pinay, G., Scholes, M.C., 2007. Nutrient vectors and
riparian processing: a reviewwith special reference to African semiarid savanna
ecosystems. Ecosystems 10, 1231e1249.

Khazaal, K., Markantonatos, X., Nastis, A., Ørskov, E.R., 1993. Changes with maturity
in fibre composition and levels of extractable polyphenols in Greek browse:
effects on in vitro gas production and in sacco dry matter degradation. J. Sci.
Food Agric. 63, 237e244.

Khomo, L.M., Rogers, K.H., 2005. Proposed mechanism for the origin of sodic
patches in Kruger National Park, South Africa. Afr. J. Ecol. 43, 29e34.

Kleiner, K.W., Raffa, K.F., Dickson, R.E., 1999. Partitioning of 14C-labeled photosyn-
thate to allelochemicals and primary metabolites in source and sink leaves of
Aspen: evidence for secondary metabolite turnover. Oecologia 119, 408e418.

Kutsch, W.L., Hanan, N., Scholes, R.J., McHugh, I., Kubheka, W., Eckhardt, H.,
Williams, C., 2008. Response of carbon fluxes to water relations in a savanna
ecosystem in South Africa. Biogeosciences 5, 1797e1808.

Lesage, L., Crête, M., Huot, J., Ouellet, J., 2000. Quality of plant species utilized by
northern white-tailed deer in summer along a climatic gradient. Ecoscience 7,
439e451.

Levick, S., Rogers, K.H., 2008. Patch and species specific responses of savanna woody
vegetation to browser exclusion. Biol. Conserv. 141, 489e498.
Mårell, A., Hofgaard, A., Danell, K., 2006. Nutrient dynamics of reindeer forage
species along snowmelt gradients at different ecological scales. Basic Appl. Ecol.
7, 13e30.

Martz, F., Jaakola, L., Julkunen-Tiitto, R., Stark, S., 2010. Phenolic composition and
antioxidant capacity of bilberry (Vaccinium myrtillus) leaves in Northern Europe
following foliar development and along environmental gradients. J. Chem. Ecol.
36, 1017e1028.

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination
of phosphate in natural ecosystems. Acta Anal. Chim. 27, 31e36.

Nahm, M., Matzarakis, A., Rennenberg, H., Geßler, A., 2007. Seasonal courses of key
parameters of nitrogen, carbon and water balance in European beech (Fagus
sylvatica L.) grown on four different study sites along a European NortheSouth
climate gradient during the 2003 drought. Trees 21, 79e92.

Narvaez, N., Brosch, A., Pittroff, W., 2010. Seasonal dynamics of nutritional quality of
California chaparral species. Anim. Feed Sci. Technol. 158, 44e56.

Pollastrini, M., Desotgiu, R., Cascio, C., Bussotti, F., Cherubini, P., Saurer, M.,
Gerosa, G., Marzuoli, R., 2010. Growth and physiological responses to ozone and
mild drought stress of tree species with different ecological requirements. Trees
24, 695e704.

Porter, L.J., Hrstich, L.N., Chan, B.C., 1986. The conversion of procyanidins and pro-
delphinidins to cyanidin and delphinidin. Phytochemistry 25, 223e230.

Price, M.L., Butler, L.G., 1977. Rapid visual estimation and spectrophotometric
determination of tannin content of sorghum grain. J. Agric. Food Chem. 25,
1268e1273.

Ratnam, J., Sankaran, M., Hanan, N.P., Grant, R.C., Zambatis, N., 2008. Nutrient
resorption patterns of plant functional groups in a tropical savanna: variation
and functional significance. Oecologia 157, 141e151.

Riipi, M., Ossipov, V., Lempa, K., Haukioja, E., Koricheva, J., Ossipova, S., Pihlaja, K.,
2002. Seasonal changes in birch leaf chemistry: are there trade-offs between
leaf growth and accumulation of phenolics? Oecologia 130, 380e390.

Riipi, M., Lempa, K., Haukioja, E., Ossipov, V., Pihlaja, K., 2005. Effects of simulated
winter browsing on mountain birch foliar chemistry and on the performance of
insect herbivores. Oikos 111, 221e234.

Scholes, R.J., Bond, W.J., Eckhardt, H.C., 2003. Vegetation dynamics in the Kruger
ecosystem. In: du Toit, J.T., Rogers, K.H., Biggs, H.C. (Eds.), The Kruger Experi-
ence. Island Press, Washington, pp. 242e262.

Scogings, P.F., 2011. Stem growth of woody species at the Nkuhlu Exclosures, Kruger
National Park: 2006e2010. Koedoe 53, 1035. http://dx.doi.org/10.4102/
koedoe.v53i1.

Scogings, P.F., Hj€alt�en, J., Skarpe, C., 2011. Secondary metabolites and nutrients of
woody plants in relation to browsing intensity in African savannas. Oecologia
167, 1063e1073.

Scogings, P.F., Hj€alt�en, J., Skarpe, C., 2013a. Does large herbivore removal affect
secondary metabolites, nutrients and growth in woody species in semi-arid
savannas? J. Arid Environ. 88, 4e8.

Scogings, P.F., Mamashela, T.C., Zobolo, A.M., 2013b. Deciduous sapling responses to
season and large herbivores in a semi-arid African savanna. Austral Ecol. 38,
548e556.

Scogings, P.F., Macanda, M., 2005. Acacia karroo responses to early dormant season
defoliation and debarking by goats in a semi-arid subtropical savanna. Plant
Ecol. 179, 193e206.

Sebata, A., Ndlovu, L.R., 2012. Effect of shoot morphology on browse selection by
free ranging goats in a semi-arid savanna. Livest. Sci. 144, 96e102.

Siebert, F., Eckhardt, H.C., 2008. The vegetation and floristics of the Nkuhlu exclo-
sures, Kruger National Park. Koedoe 50, 126e144.

Skarpe, C., Hester, A.J., 2008. Plant traits, browsing and grazing herbivores, and
vegetation dynamics. In: Gordon, I.J., Prins, H.H.T. (Eds.), The Ecology of
Browsing and Grazing. Springer, Berlin, pp. 217e261.

Styles, C.V., Skinner, J.D., 1997. Seasonal variations in the quality of mopane leaves as
a source of browse for mammalian herbivores. Afr. J. Ecol. 35, 254e265.

Tharayil, N., Suseela, V., Triebwasser, D.J., Preston, C.M., Gerard, P.D., Dukes, J.S.,
2011. Changes in the structural composition and reactivity of Acer rubrum leaf
litter tannins exposed to warming and altered precipitation: climatic stress-
induced tannins are more reactive. New Phytol. 191, 132e145.

Wiegand, K., Saltz, D., Ward, D., 2006. A patch-dynamics approach to savanna dy-
namics and woody plant encroachment e insights from an arid savanna. Per-
spect. Plant Ecol. Evol. Syst. 7, 229e242.

Williams, C.A., Hanan, N., Scholes, R.J., Kutsch, W., 2009. Complexity in water and
carbon dioxide fluxes following rain pulses in an African savanna. Oecologia
161, 469e480.

Woodward, A., Coppock, D.L., 1995. Role of plant defense in the utilization of native
browse in southern Ethiopia. Agrofor. Syst. 32, 147e161.

http://refhub.elsevier.com/S0140-1963(14)00236-5/sref1
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref1
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref2
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref2
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref2
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref2
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref3
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref3
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref3
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref3
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref4
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref4
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref4
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref4
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref5
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref5
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref5
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref6
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref6
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref6
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref7
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref7
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref7
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref7
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref8
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref8
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref8
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref8
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref9
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref9
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref9
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref9
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref9
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref10
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref10
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref10
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref10
http://www.users.muohio.edu/hagermae/tannin.pdf
http://www.users.muohio.edu/hagermae/tannin.pdf
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref13
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref13
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref13
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref13
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref13
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref13
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref14
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref14
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref14
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref15
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref15
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref15
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref17
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref17
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref18
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref18
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref18
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref18
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref18
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref19
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref19
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref19
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref19
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref19
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref19
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref20
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref20
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref20
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref21
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref21
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref21
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref21
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref21
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref22
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref22
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref22
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref22
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref23
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref23
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref23
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref23
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref23
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref24
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref24
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref24
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref25
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref25
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref25
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref25
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref26
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref26
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref26
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref26
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref26
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref27
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref27
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref27
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref28
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref28
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref28
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref28
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref28
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref28
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref28
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref29
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref29
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref29
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref30
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref30
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref30
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref30
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref30
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref31
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref31
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref31
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref32
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref32
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref32
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref32
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref33
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref33
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref33
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref33
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref34
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref34
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref34
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref34
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref35
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref35
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref35
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref35
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref36
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref36
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref36
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref36
http://dx.doi.org/10.4102/koedoe.v53i1
http://dx.doi.org/10.4102/koedoe.v53i1
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref38
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref38
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref38
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref38
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref38
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref38
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref39
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref39
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref39
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref39
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref39
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref39
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref40
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref40
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref40
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref40
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref41
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref41
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref41
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref41
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref42
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref42
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref42
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref43
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref43
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref43
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref44
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref44
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref44
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref44
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref45
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref45
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref45
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref46
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref46
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref46
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref46
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref46
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref48
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref48
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref48
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref48
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref48
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref49
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref49
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref49
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref49
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref50
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref50
http://refhub.elsevier.com/S0140-1963(14)00236-5/sref50

	Seasonal variations in nutrients and secondary metabolites in semi-arid savannas depend on year and species
	1. Introduction
	2. Materials and methods
	2.1. Study area and species
	2.2. Sampling
	2.3. Data analysis

	3. Results
	4. Discussion
	4.1. Nutrients during the wet season
	4.2. CBSMs during the wet season
	4.3. Nutrients and CBSMs in the dry season

	Acknowledgements
	References


