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Abstract

Seasonal climate and topography influence C3 and C4 grass species aboveground
biomass (AGB). Climate change further threatens these grasses AGB, thereby com-
promising their ability to provide ecosystem goods and services. This emphasises the
need to monitor their AGB for well-informed management. New-generation sensors,
with improved resolution capabilities present an opportunity to explore C3 and C4
AGB. This study therefore investigated the response of remotely sensed C3 and C4
grasses AGB to seasonal climate and topography. Overall, the spatial and temporal
responses of AGB due to seasonal climate and topography were observed across the
study area. For example, in March, a marked increase in C4 AGB was associated with
an increase in rainfall, with the highest significant positive relationship (R? = 0.82,
p < 0.005). Elevation had very significant positive relationship (R? = 0.84; p < 0.005)
with C3 and highest negative (R? = -0.77; p < 0.005) with C4 AGB. During the winter
fall, AGB significantly decreased from averages of 2.592 and 1.101 kg/m? in winter
(May), to 0.718 and 0.469 kg/m2 in August, for C3 and C4 grasses, respectively.
These findings provide a key step in monitoring rangelands and assessing manage-

ment practices to boost productivity.

Résumé

Le climat saisonnier et la topographie influencent des especes de graminées C3 et C4
sur la biomasse aérienne (AGB). Le changement climatique menace davantage ces
graminées AGB, compromettant ainsi leur capacité a fournir des biens et services liés
a |'écosysteme. Cela souligne la nécessité de surveiller leur AGB pour une gestion
bien informée. Les capteurs de nouvelle génération, dotés de capacités de résolution
améliorées, offrent 'occasion d'explorer les C3 et C4 AGB. Cette étude a donc ex-
aminé le résultat des graminées AGB C3 et C4 a télédétection au climat saisonnier et
a la topographie. Dans I'ensemble, les résultats spatiaux et temporels de I'AGB en
raison du climat saisonnier et de la topographie ont été observés dans la zone d'étude.
Par exemple, en mars, une augmentation marquée de '’AGB C4 a été associée a une
augmentation des précipitations, avec la relation positive significative la plus élevée
(R2=0,82, P <0,005). L'élévation a eu une relation positive trés significative
(R2 = 0,84; P <0,005) avec C3 et la plus négative (R2 = -0,77; P <0,005) avec C4 AGB.
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1 | INTRODUCTION

C3 and C4 grass species aboveground biomass (AGB) directly re-
flects their level of productivity, structure and functioning. Globally,
C4 grasses account for 20%-25% to overall terrestrial productivity
(Still, Pau, & Edwards, 2014) and cover large areas in Africa and
Australia, when compared to C3. These grasslands also operate
as agro-ecosystems, providing forage for livestock (Woodward,
Lomas, & Kelly, 2004), which support millions of people, especially
in Africa. C4 grasses have also been reported to have better pal-
atability, highly suitable for animal production (Snyman, Ingram, &
Kirkman, 2013), compared to C3. C3 and C4 also facilitate nutrient
cycling and carbon sequestration. For example, C4 grasses store a
substantialamount of carbon, than C3 grasses (Adair & Burke, 2010),
and the Intergovernmental Panel on Climate Change (IPCC) has em-
phasised species AGB as one of the principal carbon pools of ter-
restrial ecosystems (Eggleston, Buendia, Miwa, Nagara, & Tanabe,
2006; Vashum & Jayakumar, 2012). C3 and C4 AGB also determines
the occurrence and intensity of fire regimes (Everson, Everson, &
Tainton, 1985) in the management of grassland ecosystems. Most
importantly, the seasonal variations in climatic conditions influence
C3 and C4 grasses AGB over time, thereby influencing their ability
to provide ecosystem goods and services.

Climate and topography influence the spatial and temporal vari-
ability of C3 and C4 grasses AGB (Auerswald et al., 2012; Lee, 2011).
These factors regulate species biophysical processes and phenolog-
ical response (Epstein, Lauenroth, Burke, & Coffin, 1997; Ricotta,
Reed, & Tieszen, 2003; Saleem, Hassan, Manaf, & Ahmedani, 2009).
At different phenological phases, these grasses exhibit variations
in their exchange of energy, water and carbon fluxes, as well as in
nutrient uptake, storage and release, influencing the productivity of
AGB (Adair & Burke, 2010; Jin et al., 2013). The variability in AGB is
therefore sensitive to any alterations of the phenological profiles of
these grasses due to climatic changes over time. The projected ef-
fects of climate change have also been anticipated to influence the
productivity of C3 and C4 grass species, with implications on their
AGB variability. For example, an increase in warming has been pre-
dicted to favour C4 grasses, such that they will improve in produc-
tivity, compared to C3 (Bremond, Boom, & Favier, 2012). Climatic
changes will therefore, cause significant challenges to the provi-

sion of ecosystem goods and services by C3 and C4 grasses. For

Au cours de l'automne, I'ABG a considérablement diminué, passant de 2,592 kg / m2
et 1,101 kg / m2 en hiver (mai) a 0,718 kg / m2 et 0,469 kg / m2 en ao(t, respective-
ment pour les graminées C3 et C4. Ces résultats constituent une étape clé dans la

surveillance des paturages et I'évaluation des pratiques de gestion pour a accroitre la

climatic effect, productivity, radiation, rainfall, rangeland resources, temporal variability

example, declines in grazing capacity, with significant implications
on livestock production and human livelihoods. This emphasises the
need to monitor C3 and C4 AGB, to have a better understanding of
their state and functioning over time.

Conventional methods have so far been the main sources of
characterising C3 and C4 grass species AGB (Auerswald et al., 2012;
Epstein et al., 1997; Polley, Derner, Jackson, Wilsey, & Fay, 2014;
Taylor et al., 2014). However, these studies were conducted at small
geographical coverage (i.e., plot level), at a limited temporal scale. This
has been mainly attributed to the high cost, time and labour associated
with the use of these methods. Consequently, results obtained lack
spatial and temporal aspects of species AGB; hence are insufficient for
understanding the dynamics of C3 and C4 AGB. This resulted in uncer-
tainties in the contribution of these species and the effects of climate
change. This approach also hinders any prospects to predict the future
of C3 and C4 grasses productivity, as well as formulating conclusive
management strategies.

Remote sensing provides critical data source for monitoring grass
species AGB (Lu, 2005; Zhao et al., 2014). The intrinsic spatial nature
of remotely sensed data allows spatial representation of species AGB,
which could not be achieved using conventional methods. The spec-
tral capability of remote sensing technology is also crucial in extracting
species morphological and phenological characteristics, which influ-
ence their AGB variations. Most importantly, emerging sensors offer
outstanding opportunities to monitor C3 and C4 grasses AGB (Shoko,
Mutanga, & Dube, 2016). For example, the high temporal resolution of
emerging sensors (e.g., Sentinel 2 at 5 days) allows multi-temporal anal-
ysis of dynamic phenomena like species AGB in a spatially explicit man-
ner. Its large geographical coverage, with a swath width of 195 km at a
refined spatial resolution (e.g., 10 m) offers data for large scale monitor-
ing of AGB variations, at a finer spatial resolution. This is also suitable
to identify areas in C3 and C4 grasslands, which are most vulnerable to
climatic anomalies, under different climate change scenarios. Sentinel 2
is also the first optical sensor of its kind to provide more bands within
the red edge domain, noted for extracting key information on vegeta-
tion biophysical characteristics (Bruzzone et al., 2017). This represents
a substantial improvement, especially with respect to the past, thereby
opening a wide range of innovative possibilities of multi-temporal analy-
sis. The present study thus aimed at characterising remotely sensed de-
rived C3 and C4 grasses AGB. Specifically, the study intended to explore
the response of C3 and C4 AGB to seasonal climate and topography.
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FIGURE 1 Study arealocation and its elevation variations

2 | MATERIALS AND METHODS

2.1 | Study area

The response of C3 and C4 grass species AGB was explored within
the Drakensberg area in KwaZulu-Natal (presented in Figure 1).
The study area covered approximately 200 km?. The area experi-
ences wet humid summers, from November to March and dry, cold
winters, from May to August. The summer period is also charac-
terised by high rainfall and high temperatures, whereas in winter,
regular frosts and snowfall are typical (Everson & Everson, 2016).
Overall, during 2016, the highest total rainfall (263.9 mm) was re-
ceived in January, whereas the lowest (6.8 mm) was received in
July. Temperatures across the study area generally vary, from as
low as 5°C in winter, to above 16°C in summer (Mansour, Mutanga,
Everson, & Adam, 2012). During the study period, the lowest tem-
perature (6°C) was recorded in July, whereas the highest (26°C)
was recorded in December.

2.2 | Data collection and processing

2.2.1 | Grass species AGB data

The present study assessed the response of Festuca Costata (C3)
and Themeda triandra (C4), to seasonal climate and topography.
These grasses predominantly occur in the area, which is one of
the largest grasslands of South Africa. AGB samples for each
grass were collected at summer and winter distinctive seasons.
The summer period was represented by data collected in early
February and early November, whereas for the winter period,
it was early May and end of August 2016. AGB data were col-
lected using random sampling technique, and the random points

were generated in ArcGIS 10.2. During each AGB data collection

period, three quadrats, measuring 50 cm by 50 cm at each ran-
dom point were used to collect samples, and these quadrats were
demarcated within 100 m? (i.e., 10 x 10 m) plot. Ground points
where AGB samples were collected were captured by means of
a hand held Trimble GEO XH 6000 global position system (GPS).
The standing green grass in each quadrat was clipped and weighed
in situ; using a weighing scale and this was recorded as fresh AGB
in kg/m?. These AGB samples were oven dried at the University
of KwaZulu-Natal grassland facilities, to derive dry AGB and this
was expressed as kg/m2. 240 AGB samples for each grass were
collected.

2.2.2 | Climatic and topographic variables

The climatic and topographic variables that were used in this study are
provided in Table 1. Rainfall data were delivered as daily point values
recorded at eight stations, sufficient for the Cathedral Peak catch-
ment, within which the study area is located. For analysis purposes,
the daily rainfall was aggregated to monthly totals and was also in-
terpolated to obtain its spatial variability across the study area. This
was performed using ordinary Kriging interpolation method in ArcGIS
10.2. Temperature recordings were available from a station within the
study area, and this data were insufficient for analysis; however, the
data were used to show the general pattern of temperature variations
within the study area. A digital elevation model (DEM) at a spatial reso-
lution of 30 m was also used to derive topographical variables using the
surface extension and the hydrological spatial analyst tools in ArcGIS
10.2. Solar radiation recordings were also not available; due to lack of
routine observations, hence it was modelled from DEM using radia-
tion modelling tool in ArcGIS 10.2. The use of radiation modelled from
DEM has been widely accepted as a reliable data source in ecologi-
cal modelling (Dube & Mutanga, 2016; Kumar, Skidmore, & Knowles,
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TABLE 1 Climatic and topographical

Variabl Definiti S . . .
ariable efinition ource variables that were used in this study
Aspect Slope direction measured in degrees (°) or compass ASTER DEM
direction clockwise from North (0) to North (360)
Elevation Height above sea level, in metres (m) ASTER DEM
Radiation Incoming insolation received from the sun, modelledin ~ ASTER DEM
Watts Hours per square metre (Wh/m?)
Rainfall Monthly total, in millimetres (mm) SAEON, SAWS
Slope Elevation steepness, in degrees (°) from O (flat) to 90 ASTER DEM
(steep)
Temperature Maximum, minimum and average, in degrees Celsius SAEON, SAWS
(°C).
TWI Wetness condition, which determines the spatial ASTER DEM

variability of soil water (-)

Abbreviation(s): ASTER, advanced spaceborne thermal emission and reflection radiometer; DEM,
digital elevation model; SAEON, South African Earth Observation Network; SAWS, South African

Weather Services; TWI, total wetness index.

1997; Ruiz-Arias, Tovar-Pescador, Pozo-Vazquez, & Alsamamra, 2009).
All derived maps were also standardised to the same resolution using
nearest neighbour resampling technique in a GIS environment, to en-

sure their compatibility and consistency.

2.3 | Remotely sensed derived AGB over
space and time

Remotely sensed estimates of C3 and C4 grasses AGB over time
were derived using Sentinel 2 variables (presented in Table 2) and
the Sparse Partial Least Squares regression (SPLSR) model (Chun &
Keles, 2010). The SPLSR is one of the robust and powerful mod-
els for estimating species AGB, due to its ability to overcome the
challenges of multicollinearity and over-fitting, by transforming the
variables to new components (Abdel-Rahman et al., 2014; Sibanda,
Mutanga, Rouget, & Kumar, 2017). The detailed explanation on how
the SPLSR works in relating species AGB and variables of interest
can be found in for example, Sibanda, Mutanga, and Rouget (2015)
and Shoko, Mutanga, and Dube (2018).

Sentinel 2 variables corresponding to species AGB for each pe-
riod were extracted using the GPS points in ArcGIS 10.2. The SPLSR
model was first run with grass species ground-based AGB collected

Data type Details

Spectral data Ten spectral bands

during the four different months, with corresponding Sentinel 2
variables. The model generated AGB estimation functions and vari-
ables. This was achieved through transformation of the Sentinel 2
variables to a set of components and variables, showing their con-
tribution to estimating species AGB for each period. Secondly, the
SPLSR was run to establish the relationship between species AGB
and climatic and topographic variables. The climatic and topographic
variables are continuous data. Therefore, GPS points corresponding
to species AGB were used to extract these variables from climatic
and topographic maps. This resulted in species AGB points with cor-
responding climatic and topographical variables in a spread sheet.
The data were also used to generate descriptive statistics.

2.4 | Sentinel 2 variables used to predict grass
species AGB

Sentinel 2 variables that were used to predict species AGB were
(a) spectral bands (b) vegetation indices (Vls) and (c) combination of
indices and spectral bands. The details of these variables are pre-
sented in Table 2. The indices that were used in this study were re-
ported to perform well in C3 and C4 grass species AGB estimation,

as well as in grassland ecosystems.

TABLE 2 Sentinel 2 variables used to
estimate species aboveground biomass
i (AGB, Shoko et al., 2018)

Analysis set

Bands 2-8A (Blue, Green, Red, Red edgel-3,

NIR, Red edge4)

Bands 11 and 12 (Shortwave infrared bands)

Vegetation Indices (VIs) EVI, SAVI, NDVI, RDVI, SR, MSR

Red edge-based NDVI (using red edge bands

1-4)

Red edge-based SR (using red edge bands 1-4)

Image spectral data + Vls Combined image spectral bands and
vegetation indices
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TABLE 3 Descriptive statistics of the data collected and extracted

Acquisition month

February

May

August

Variables

AGB

Aspect

Elevation

Radiation

Rainfall

Slope

Temperature

TWI

AGB

Aspect

Elevation

Radiation

Rainfall

Slope

Temperature
TWI

AGB

Aspect

Elevation

Radiation

Rainfall

Slope

Temperature

TWI

Species

c3
c4
c3
c4
cs3
c4
cs3
c4
cs3
c4
c3
c4
cs3
c4
cs3
c4
cs3
c4
cs3
c4
cs3
c4
cs3
c4
cs3
c4
c3
c4
cs3
c4
cs3
c4
cs3
c4
cs3
c4
c3
c4
c3
c4
cs3
ca

Min
0.524
0.600
0.0 (N)
0.0(N)
1,375.0
1,296.0
282.20
289.80
122.5
121.0
2.4
0.8
12.8
4.47
4.26
0.460
0.412
0.0 (N)
0.0 (N)
1,375.0
1,328.0
114.83
116.57
141
13.5
2.4
0.8
10.1
4.47
4.26
0.376
0.244
0.0 (N)
0.0(N)
1,375
1,328.0
122.83
124.60
55.8
58.8
2.4
0.8
8.5
4.47
4.26

Max

1.160
1.276
358.0(N)
359.1(N)
1,462.0
1,428.0
303.18
304.35
129.5
131.4
29.7
20.9
23.5
12.99
9.39
3.912
2.592
358.0(N)
359.1 (N)
1,462.0
1,440.0
172.25
165.41
17.2
16.0
29.7
219
20.3
12.99
9.39
1.072
0.668
358.0(N)
359.1(N)
1,462.0
1,440
179.85
173.33
71.8
71.4
29.7
20.9
20.3
12.99
9.39

Avg.
0.709
0.984
194.78 (S)
267.7 (W)
1,397.5
1,302.8
297.95
298.80
124.3
125.3
17.2
8.7
18.5
7.69
6.38
1.253
1.101
194.78 (S)
267.7 (W)
1,398.7
1,302.1
143.86
140.72
16.1
15.0
15.3
8.9
12.6
7.69
6.38
0.718
0.469
194.78 (S)
267.7 (W)
1,398.7
1,302.1
152.03
148.91
61.0
65.9
18.6
8.9
12.9
7.69
6.38

Stdev

0.115
0.125
137.9
99.2
49.1
21.7
37.6
37.3
2.2
3.7
10.6
4.8

2.92
1.29
0.719
0.418
136.4
102.9
50.5
19.0
13.65
13.63
1.0
0.9
9.6
4.9

2.92
1.29
0.306
0.182
136.4
102.9
50.5
19.0
13.65
13.64
5.2
59
9.6
4.9

2.92
1.29
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SHOKO ET AL.

Acquisition month ~ Variables Species Min
November AGB €3 0.226
C4 0.352
Aspect C3 0.0 (N
C4 0.0 (N
Elevation C3 1,375.0
C4 1,328.0
Radiation c3 273.58
C4 284.31
Rainfall 3 71.5
C4 70.6
Slope C3 24
C4 0.9
Temperature — 9.7
TWI C3 4.47
Cc4 4.26

Max Avg. Stdev
1.784 0.855 0.355
3.208 1.163 0.607
) 358.0 (N) 194.78 (S) 136.4
) 359.1 (N) 267.7 (W) 102.9
1,462.0 1,398.7 50.5
1,440.0 1,302.1 18.9
298.57 293.84 3.63
299.50 294.65 3.40
86.0 75.4 10.3
78.9 74.6 3.3
29.7 21.3 10.1
20.9 8.9 4.9
24 16 =
12.99 7.69 2.92
9.39 6.38 1.29

Note. Aspect is also indicated in terms of directions, which are represented by N, for North; W, for west; S, for South facing slopes.
Abbreviation(s): Avg, average; Max, maximum; Min, minimum; Stdev, standard deviation; TWI, total wetness index.

2.5 | Statistical analysis

Sparse Partial Least Squares regression model was used to relate
seasonal climatic and topographic variables to C3 and C4 AGB.
Exploratory analysis was conducted by generating descriptive statis-
tics: to understand species AGB and associated climatic and topo-
graphic data that were collected. The one-way Analysis of Variance
(ANOVA), at 95% confidence interval was also performed to de-
termine the significant differences among species AGB over time.
In addition, the paired t test was used to determine the significant
differences in AGB between the two species at each period, at 95%

confidence intervals.

3 | RESULTS

3.1 | Descriptive statistics of data collected

Table 3 provides the descriptive statistics of AGB, climatic and
topographic variables, which indicate variations between C3 and
C4 grasses. AGB varied from as low as 0.244 in August (for C4) to
3.912 kg/m? in May (for C3).

3.2 | Remotely sensed AGB variability over
space and time

Figure 2 illustrates the estimated variability in AGB for the study
area, using Sentinel 2 remote sensing dataset. Overall, the area
produced noticeable spatial and temporal variations in C3 and C4
grass species AGB. Much of AGB was produced during the summer
months. Lower AGB variations were also noted, especially during the
winter fall in August and September, where most of the study area

showed a decrease in AGB. May had the highest AGB accumulation
across the area, whereas the lowest was produced in September.
AGB changes across the study area were variable, where some areas
experienced notable changes over time, while others remained al-
most stable, despite seasonal changes. For example, the central and
eastern parts show notable changes in AGB over time, when com-
pared to the southern tip and the south-western most parts of the

study area.

3.3 | Climate variability over time

Figure 3 shows the general pattern in climatic conditions of the study
area in 2016. Overall, climatic conditions showed a temporal vari-
ability. Lowest total rainfall (6.8 mm) was recorded in July, whereas
January received the highest amount (263.9 mm). Highest tempera-
ture (26°C) was recorded in December, whereas July experienced
the lowest (6°C). In terms of solar radiation, the highest (185 kWh/
m?) was received in January, whereas the lowest (32.6 kWh/m?) was

received in June.

3.4 | Spatial variability in climatic and
topographic variables

Figure 4a-f shows the spatial variability in climatic and topographic
variables within which C3 and C4 grass species AGB was explored.
High rainfall (Figure 4a) was received at the southern tip, compared
to most parts of the area. The southern, western and eastern parts
also received more radiation, compared to the central and north
eastern parts. The elevation (Figure 4c) was quite variable, ranging
between 1,225, in the central and north eastern parts, and 3,034 m

above sea level, in the western and southern parts. Similarly, slope
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FIGURE 2 The variability in aboveground biomass (AGB) over time. Areas bounded in red were unstable in AGB, whereas those in black
remain stable [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 The general (a) rainfall, (b) temperature and (c) radiation variability over time

(Figure 4d) varies from 0 to 70.4°, with high slopes for most parts of
the area, except for the central and north eastern parts. The aspect
(Figure 4e) of the area was found to be heterogeneous, constitut-
ing slopes facing different directions, whereas the TWI (Figure 4f)
indicates that the majority of the area has low soil water potential,

except for the central and north eastern parts.

3.5 | Theresponse of remotely sensed species AGB
to climate variability over time

Figure 5 shows the response of C3 and C4 target grass species AGB
to monthly: (a) total rainfall; (b) average temperature; and (c) average
radiation, over time. These results were based on the collected GPS
point-based AGB and corresponding climatic values extracted. The
findings revealed that seasonal climatic factors had a significant in-
fluence on C3 and C4 AGB over time. For example, a marked increase
in AGB (e.g., in February and March) was noted with an increase in
total rainfall (Figure 5a), whereas dry months were associated with
a decrease in AGB. During the summer months (February, March,
November and December), species AGB showed a gradual increase
with an increase in radiation. Between April and June, peak species
AGB was reached; however, this period indicated a sharp decrease
in radiation.

Figure 6 also zoomed in to highlighted areas (Figure 2) which
show the spatial variations of AGB over time. Random points were
generated within these areas and AGB values and corresponding
climatic values were extracted using these points. Generally, the
unstable areas were mostly dominated by C4 (Themeda), whereas
the stable tip was dominated by C3 (Festuca), although species co-
existence occurs. In C3-dominated areas, high radiation was asso-
ciated with lower species AGB, for example in March (Figure 6al(i)).
High fluctuations in AGB were also observed for C3, despite
rainfall and radiation changes over time. On the other hand, C4
(Figure 6b) showed sharp or immediate response (either decreas-
ing or increasing) to rainfall (ii) and radiation (i) variations, espe-
cially in November and December.

Tables 4 and 5 illustrate the correlation between species AGB
with climatic and topographic variables. Overall, C4 AGB showed
better positive correlations with rainfall and radiation, than C3
AGB. C4 AGB also had the highest significant positive association
with rainfall (R? = 0.82; p < 0.05). However, C3 AGB showed the
highest significant positive correlation with elevation (R? = 0.84;
p < 0.05). Positive correlations between C3 AGB and topographical
variables were also found, whereas for C4 AGB, there were mixed
findings. For example, C4 was negatively correlated with elevation
and slope, while responded positively to aspect and TWI. Elevation
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had the highest positive correlation with C3 AGB and highest neg-
ative correlation with C4. The highest positive correlation for C4
AGB was with TWI, whereas the lowest was found with aspect.

Itwasalsofoundthat AGBvariedsignificantly(F, ,, = 2.31, p < 0.05)
over time, between C3 and C4 grasses, based on ANOVA. On the
other hand, the t test results have highlighted that the two species
AGB were significantly different in February (p=0.032), August
(p = 0.024) and November (p = 0.011), whereas in May it was not sig-
nificantly different (p = 0.26), at 95% confidence intervals.

4 | DISCUSSION

Results from this study have indicated the spatial and temporal AGB
variations derived using multi-temporal Sentinel 2 remote sensing
images. These findings indicate the potential of using freely available
emerging sensors for monitoring the dynamics of C3 and C4 AGB.
This has been a limitation in monitoring C3 and C4 grass species, es-
pecially considering the anticipated climate change effects on their
productivity. Species AGB differed significantly between C3 and C4
target grasses over time, except in May. This finding may be attrib-
uted to the phenology of the target species. Possibly, both grasses
experienced maximum productivity in May, which contributed to
less variation in AGB.
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The spatial representation of AGB over time has shown that AGB
variations across the study area were variable. For example, summer
months produced high AGB for most parts of the study area, until
May, whereas a decrease in AGB was noted from June to September.
The spatial and temporal variations observed in this study indicated
not only the influence of seasonal climatic, but also that of spatial
heterogeneity in terms of topography. For example, topographical
derivatives maps have shown that the area is predominantly high
elevated, with steep slopes of varying aspects, facing all the differ-
ent campus direction. These variations influence, for example, the
intensity of radiation received, soil moisture and temperature. These
topographical influence on species growth and AGB productivity
have also been identified, for example by Maren, Karki, Prajapati,
Yadav, and Shrestha (2015).

Significant spatial changes in AGB were also observed across
the study area, over time. However, changes in AGB over time
were not uniform across the study area. Instead, some areas ex-
perienced rapid changes, whereas others remained almost stable,
despite changes in climatic conditions. This possibly occurred be-
cause of the climatic and topographical heterogeneity of the area,
which exert difference influence on C3 and C4 grasses AGB over
time. However, in August and September, the majority of the study
area showed a marked decrease in AGB. This is an indication that

the period, which is winter fall, did not offer favourable conditions
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FIGURE 5 The response of individual species aboveground biomass (AGB) to (a) rainfall, (b) temperature and (c) radiation over time

for both species AGB. For example, C3 grasses are active under
cooler climatic conditions, particularly during winter. Possibly,
during winter fall, rise in temperatures expectedly impacted neg-
atively to C3 AGB. Different studies (Adjorlolo, Mutanga, Cho, &
Ismail, 2012; Auerswald et al., 2012) have also indicated that C3
grasses require higher moisture content, and this is not sufficient
during the dry period of August and September, hence they be-
come less active. Similarly, it is expected that rise in temperatures
associated with dry conditions reduces the rate of activity of C4
negatively, impacting its AGB. C4 grasses prefer warm environ-
ments, with sufficient rainfall, hence as conditions becomes dry
in August and September, their productivity is constrained and
AGB decreases. Possibly, the activity of C3 and C4 grasses and
AGB production significantly decreases if the conditions are above
their optimal or below their optimal requirements. For instance,
August and September marked the end of winter, which is pre-
ferred by C3 and it does not fall within the summer period, which
is favourable to C4.

It was also found that rainfall, temperature and radiation influence
species AGB over time. For example, C4 AGB had positive correlation
with rainfall, where high AGB values were observed with an increase
in rainfall during the summer months. The same trend was observed
during dry period in winter with lowest rainfall, where C4 AGB showed

a sharp decrease. These trends can be considered intuitively sound.

Rainfall within the study area is received during the summer period;
this coincided with the growth of C4 grasses, thereby influencing their
AGB variations. In addition, the response of selected areas, predomi-
nated by C4 grass has indicated a close association between AGB and
rainfall pattern over time. In agreement, it has been long established
that summer rainfall typically benefits the growth of C4 grasses,
thereby increasing their relative contribution to AGB accumulation
(Carmel & Kadmon, 1999). This observation also concurs with previ-
ous studies (Epstein et al., 1997; Maren et al., 2015; Polley et al., 2014)
which have indicated that rainfall boost the growth and AGB accumu-
lation of C4 grasses. For example, the studies done during the sum-
mer period in United States by Epstein et al. (1997) found that mean
annual rainfall explained 81% of C4 AGB in the great plains, whereas
Polley et al. (2014) reported that C4 AGB increased significantly with
an increase in rainfall in Texas. For C3 grass species, although a posi-
tive correlation was found with rainfall, its AGB remained high in win-
ter, despite a noted decrease in rainfall. Similarly, the selected area
predominated by C3, that showed almost stable response in AGB over
time has indicated the same trend. It is likely that C3 AGB remained
high in winter due to cool conditions, associated with winter period. In
agreement with this notion, June had the lowest average temperature
and this corresponded with the highest estimated C3 AGB. As tem-
peratures drop, cool conditions occur, which favour C3 grasses; hence

their AGB remained stable despite a decrease in rainfall.
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FIGURE 6 The response of (a) Festuca and (b) Themeda aboveground biomass (AGB) to (i) radiation and (ii) rainfall over time

The influence of solar radiation was also detected on C3 and C4
AGB over time. C4 AGB responded positively with radiation varia-
tions over time; this was most apparent during the summer months,
like February, March, November and December. C4 grass species
have been identified to require high solar radiation (Adjorlolo et al.,
2012), this condition promote their AGB production. Solar radiation
is the primary source of energy that regulates physical, chemical and
biological processes (e.g., photosynthesis and evapotranspiration)
of terrestrial ecosystems (Dubayah & Rich, 1995; Ruiz-Arias et al.,
2009). Consequently, it determines species growth rate and produc-
tivity of AGB. For C3 AGB, highest AGB was associated with low
radiation, for instance, in winter (May and June). This is because C3
grass species prefer low radiation (Adjorlolo et al., 2012), which is
received during the winter period.

TABLE 4 Correlation between species
aboveground biomass (AGB) and climatic

factors over time Climatic variables

Radiation

Rainfall

Topography also influenced species AGB; however, this was
variable between C3 and C4 species. For instance, elevation, as-
pect, slope and TWI were positively related with C3 AGB. C3 AGB
production favours conditions at high elevated and steep slopes,
as well as with high potential of soil moisture. The influence of el-
evation on C3 AGB might be attributed to the fact that the study
area forms part of the Drakensburg mountain range, which pro-
mote cool conditions favourable to the growth and AGB accumu-
lation of C3, hence changes in elevation significantly result in AGB
changes. In agreement, it is well accepted that high elevated areas
are typically cool and C3 species generally favour cool conditions
(Adjorlolo et al., 2012; Yan & de Beurs, 2016). Yan and de Beurs
(2016) found the importance of elevation in the distribution and
abundance of C3 grasses at three varying temporal scale, using

Festuca (C3) AGB Themeda (C4) AGB

Feb May Aug Nov Feb May Aug Nov
0.44 0.49 0.42 0.54 0.63 0.54 0.46 0.79
0.57 0.52 0.31 0.59 0.79 0.61 0.70 0.82
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TABLE 5 Correlation between species aboveground biomass
(AGB) and topography

Topographical Festuca (C3)

variables AGB Themeda (C4) AGB
Aspect 0.64 0.55

Elevation 0.84 -0.80

Slope 0.78 -0.77

TWI 0.74 0.69

Abbreviation(s): TWI, total wetness index.

random forest algorithm. For C4 species, high elevated and steep
areas promote cool conditions, which do not favour their growth
and AGB production. This explained why C4 AGB was negatively
correlated with elevation and slope in this study. TWI was posi-
tively correlated with both C3 and C4 AGB. The index determines
the spatial variability in soil moisture conditions (Wilson et al.,
2016), which boost vegetation cover, growth and productivity; this
possibly explains it had a positive association with species AGB in
this study. The influence of TWI on species cover and growth was
also reported by Pei et al. (2010) and Seutloali, Dube, and Mutanga
(2017) in modelling erosion, using topographical derivatives. They
noted that areas associated with high TWI had more vegetation

cover and density.

5 | CONCLUSION

This study examined the response of C3 and C4 grass species
AGB to seasonal climate and topography, within the montane
grasslands of South Africa. It can be concluded that topography
and climatic variations exert considerable influence on C3 and C4
grasses AGB over time. However, changes in species AGB over
time were not uniform across the study area. Some areas expe-
rienced rapid changes, whereas others remained almost stable,
despite changes in climatic conditions over time. This indicates the
spatial and temporal heterogeneity of C3 and C4 dominated areas,
which exert varying changes to AGB and ecosystem goods and
services over time. These findings provide a key step in detecting
the productivity of rangelands, their response to environmental
changes, fire occurrences and assessing management practices to

boost productivity and fire regimes.
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