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Abstract

Aims There is a trend of increasing woody biomass in
tropical savannas. Here we ask what effect this increase
may have on soil carbon pools and fluxes.

Methods Using a field experiment we determine the
amount of soil carbon directly under grasses, a juvenile
tree among grasses and a juvenile tree with no grasses.
We also measure CO, efflux at the soil surface and use
gas wells to extract CO, from several soil depths.
Results Our results show that grasses contribute sub-
stantially more than trees to both soil carbon and soil
respiration. Grasses also make a disproportionate con-
tribution to the 5'°C value of SOC in the tree only
treatments. The surface gas efflux data show that soil
respiration increased with an increase in volumetric soil
moisture and temperature and plots with both grasses
and trees had higher respiration rates than plots with
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trees only or with grasses only.

Conclusions The highest soil respiration is in the top
20 cm of the soil with grasses the primary contributors
to both 6"*Csoc and 5'°Cg. Any increase in woody
biomass will result in a decline in SOM turnover and
nitrogen mineralization rates resulting in higher SOC
pools. The associated increases in SOC and above
ground biomass will however be associated with nega-
tive economic and biodiversity impacts.

Keywords Savanna - Soil respiration - CO, flux - Soil
Organic Carbon.

Introduction

Tropical savanna is typically composed of a discontin-
uous layer of C; trees interspersed among a continuous
layer of C,4 grasses (Frost et al. 1986). Changes in the
relative proportion of these two plant life forms may
alter savanna structure considerably from a few
scattered trees as in the Kalahari to the well wooded
Miombo of Central Africa (Chidumayo 1990; Dean
etal. 1999). The combination of Cs trees and C, grasses
can be found across a rainfall gradient from around
280 mm in the southern Kalahari in southern Africa to
2500 mm in the South American Llanos (Lehmann et al.
2014). The defining feature for these ecosystems how-
ever is that this rainfall is distinctly seasonal with a 5—8
month warm wet season followed by a cool dry season
when soil moisture may drop below wilting point
(February and Higgins 2016). The high moisture deficit
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in the dry season leads both grasses and trees to abandon
growth in the dry season (February and Higgins 2016).
Although savanna trees may be both deciduous or ever-
green, the dry season is always associated with reduc-
tions in leaf area and rates of carbon uptake (February
and Higgins 2016; Seghieri et al. 1995). As a result,
rainfall seasonality in savanna has a very strong influ-
ence on productivity with high rates of photosynthesis
and soil respiration in the wet season (Bowling et al.
2015; Makhado and Scholes 2011; Richards et al.
2012).

As trees and grasses are the dominant plant life forms
in savanna soil organic carbon (SOC) is primarily com-
posed of carbon from these two life forms. While trees
may contribute more to above ground biomass grasses
contribute substantially more to soil carbon (February
et al. 2013; Hudak et al. 2003; Jackson et al. 2002;
Wigley et al. 2020). It has also been demonstrated that
nitrogen mineralisation rates are higher beneath grasses
than beneath trees (Higgins et al. 2015). This higher
contribution of carbon with higher mineralization rates
suggest higher carbon fluxes under grasses (Higgins
et al. 2015). Furthermore, several studies have also
demonstrated that SOC and nitrogen pools are higher
under the canopy of savanna trees relative to inter-
canopy sites (Coetsee et al. 2010; February et al. 2013;
February and Higgins 2010; Holdo and Mack 2014). As
such, any change towards an increase in tree biomass
will also change the soil carbon pools, fluxes and nutri-
ent dynamics (Coetsee et al. 2010; Craine et al. 2008).

Savanna ecosystems contain 10-30% of the global
SOC pool and as a result are important carbon reservoirs
(Dintwe and Okin 2018; Grace et al. 2006). The content,
composition and distribution of this SOC is controlled
by plant communities and the dominant plant life forms
(trees and grasses) that differ in their litter chemistry,
patterns of detrital input and rooting depth (Chen et al.
2005). Several studies have reported an increase in
woody plant biomass in savanna and grassland globally
(Buitenwerf et al. 2012; Nackley et al. 2017; Wigley
et al. 2010). This increase in woody biomass, termed
bush encroachment, will result in changes in the inter-
actions between trees and grasses that will impact both
soil carbon pools and fluxes.

In the context of globally observed increases in
woody biomass and limited knowledge on soil respira-
tion in savanna, we ask whether we can estimate the
relative contributions of grasses and trees to soil CO,
fluxes. We hypothesise that due to higher root activity

@ Springer

and lower root longevity grasses contribute more to soil
carbon pools and fluxes than trees do and as a result, the
carbon flux in experimental treatments without grass
will be much lower than in treatments with grasses
(Fig. 1). We hypothesise further that since the majority
of the roots for both trees and grasses are in the upper
20 cm of the soil the highest contribution to soil respi-
ration fluxes will be from grass roots in the upper layers
of the soil and despite some tree roots going deeper
down there is a larger contribution to carbon pools and
smaller contribution to carbon fluxes from trees in these
deeper layers of the soil (Fig. 1) (February and Higgins
2010; Wigley et al. 2020).

We explore this hypothesis in an experiment where
we not only measure CO, efflux at the soil surface but
also use gas wells to extract CO, from several depths
through the soil profile directly under grasses, under a
juvenile tree among grasses and under a juvenile tree
with no grasses (Bowling et al. 2015). For ease of
experimental manipulation, we concentrate on juvenile
trees which are small non reproductive trees, that may
exist in the landscape for several decades, regularly
resprouting after fire (Bond and van Wilgen 1996).
Using the stable carbon isotope ratios of soil CO, and
soil organic matter we show the relative contributions of
trees and grasses to soil carbon pools as well as CO,
fluxes at different levels through the soil profile.

Methods
Study site

The study was conducted in a fenced animal exclosure
located 6.2 km northwest of Pretoriuskop in the south-
west of the Kruger National Park, South Africa (25°
7°45.32"S 31°13°59.98"E). The exclosure is located on
deep eutrophic red and yellow coarse apedal sands with
plinthic subsoil horizons derived from granite (Venter
and Govender 2012). The vegetation is classified as
Pretoriuskop Sour Bushveld with dominant tree species
Terminalia sericea, Sclerocarya birrea, and
Dichrostachys cinerea and dominant grasses
Heteropogon contortus, Hyperthelia dissoluta, and
Setaria sphacelata (Mucina and Rutherford 2006).

The climate of the region is characterized by a hot
wet season and cool dry season. Mean monthly maxi-
mum and minimum temperatures at the study site for the
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Fig. 1 A conceptual model illustrating the influence of grass, tree,
temperature, rainfall and rooting depth on surface CO, efflux
based on stable carbon isotope analysis of SOC, fine roots and
soil CO; in a savanna system

duration of the study were 25 and 17.5 °C, respectively.
Rainfall at Pretoriuskop (25° 10.5°S 31° 16.1’E) was
754 mm in 2011 and 852 mm in 2012 (SANParks
weather data). This rainfall primarily occurs from Octo-
ber to March and consists predominantly of thunder-
showers from the north and north-east or occasional
tropical cyclones from the Indian Ocean to the east.

Study design

The vegetation in the exclosure was burnt at the end of
the dry season in August 2011 with our first measure-
ments starting at the end of September 2011 and running
for 16 months to the end of December 2012. The fire top
killed all juvenile trees but all trees resprouted and the
experimental plots were established around resprouting
T. sericea trees or/and a mix of the dominant grasses in
three treatments: (1) tree, (2) grass, and (3) tree with
grass. The plots with grasses had a grass canopy cover
of 100% with grass up to the base of the trees. The tree
only plots had all grasses physically removed in a sep-
arate experiment three years before. All treatment com-
binations were replicated five times yielding a total of
fifteen experimental plots. Each plot had a diameter of
2 m and was isolated from the surrounding soil with a
polyvinyl chloride (PVC) sheet inserted to a soil depth
of 50 cm (Supp Fig. 1). This depth of 50 cm was based
on the results of studies at the same experimental site
that showed the majority of fine roots in the top 20 cm of

the soil (February and Higgins 2010; Verweij et al.
2011).

Soil CO, efflux

On all plots a 100 mm diameter, 90 mm high PVC collar
was inserted 40 mm into the soil for soil respiration
measurements. Soil CO, efflux was measured on all
plots at the end of each month for the duration of our
experiment using a closed chamber, portable non-
dispersive infrared gas analyser (LI- 8100, Li-Cor Inc.,
Lincoln, Nebraska, U.S.A.). All soil CO, efflux mea-
surements were accompanied with a soil temperature
measurement to a depth of 5-10 cm (ML2X Theta
Probe, Delta_T Devices, Cambridge, England). For de-
termination of gravimetric soil moisture, a soil sample
with a diameter of 4 cm was taken to a depth of 10 cm.

Isotopic composition and source partitioning of SOC

We obtained soil samples for our study site from an
earlier study where soil was excavated from five repli-
cate pits under and away from the canopy of a tree
(February and Higgins 2010). At each pit, soil was
extracted from a 5 cm deep 20 x 20 cm section every
5 cm for the first 20 cm and then every 20 cm to bedrock
(150 cm). All roots were removed from the soil by dry
sieving through an 850 um sieve. We determined
13C/'2C ratios of the carbon in the SOM (5'3*Csoc) using
a Thermo Finnigan Delta plus XP mass spectrometer
coupled with a conflo III device to a Thermo Finnigan
Flash EA1112 Elemental Analyser with automatic sam-
pler (Thermo Electron, Bremen, Germany). We calibrat-
ed these results relative to Pee-Dee Belemnite as well as
to correct for drift in our reference gas. Deviation from
the standard is denoted by the term 8, and the results
expressed as parts per thousand (%) with precision of
duplicate analysis 0.1%o (February et al. 2011). Using a
simple mixing model based on the §'*C values of the
soil and end member (mean) §'>C values of the grasses
(-13.17%0) and trees (-27.61%¢) at our study site we
determined the relative proportion of Cj (trees and
forbs) and C, (grasses) derived carbon in the soil with
depth (February et al. 2013; Mordelet et al. 1997). This
mixing model was only applied to the 0-20 cm soil
horizon (surface soils)because of unrelated fractionation
processes at 50 cm depth causing enrichment of soil
5'°C unrelated to the inputs from Cs or C, derived
carbon (Balesdent and Mariotti 1996; Nel et al. 2018).
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Isotopic composition of CO2 with depth

Gas wells installed at five depths 5, 10, 20, 40 and 80 cm
(15 plots X 5 wells = 75 wells) were used to extract pore
gas for stable carbon isotope analysis with as little soil
disturbance as possible (Bowling et al. 2015). These
wells consisted of a 6 mm OD stainless steel tube fitted
with a rubber septum (Microsep F-138, CRS, Louis-
ville, Kentucky, U.S.A.) inside a Swagelok straight
fitting (Swagelok, Solon, Ohio, U.S.A). The tube was
inserted to the appropriate depth angled into the centre
of the plot through a 50 mm X 25 mm wooden block
with appropriately drilled guide holes (Supp Fig. 1). The
tubes were inserted using a hammer, with a metal rod
inside the tube to prevent clogging the tube with soil.
The metal rod was removed when the tube was at the
required depth. At the end of each month the gas in the
tube was extracted using a gastight syringe (Hamilton,
Nevada U.S.A.). The gas was then transferred into a pre-
evacuated 12 ml borosilicate vial (standard Labco
Exetaine, Labco Ltd, Lampeter, Wales, United King-
dom). The isotopic composition of the CO, in the gas
(5'3CR) was analysed using a Thermo Finnigan Model
II gasbench attached to a Delta Plus XP mass spectrom-
eter (Thermo electron, Bremen, Germany). All isotope
results are reported in 5'3C notation as per mil (%o)
relative to the Pee Dee Belemnite standard using our
own internally run standards.

Results
Soil CO2 efflux

The study included two wet and two dry seasons
(Fig. 2a). Rainfall in the first dry season (May —
Sept) was 32 mm, followed by a 688 mm wet season
(Oct — Apr) and 0 mm and 979 mm in the following
dry (May — Aug) and wet (Sept — Apr) seasons. The
second wet season started unusually early (Septem-
ber 15). Our results show that gravimetric soil water
content increases rapidly from the end of the dry
season in September to December-January after
which soil moisture declines steadily throughout
the dry season (Fig. 2a). CO, efflux for our three
treatments follow soil moisture, declining after Jan-
uary with the lowest rates of efflux between May
and August 2012, with a mean of 0.41 pmol m % s~
'+ 0.3, and ranging between 0.2 and 1.9 pmol m~
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2 57! The highest rates of efflux were between

October and February 2011-2012, with a mean of
2.4 pmol m % s~ ' £ 0.7, ranging between 0.1 and
3.8 umol m % s~ and again between September and
November 2012 (Fig. 2b). Soil efflux follows tem-
perature with the highest temperatures of 28 °C +4
in the wet season with a range from 22 to 47 °C. In
the dry season temperatures range between 20 °C +3

and 28 °C+ 15 (Fig. 2¢).

We performed a linear mixed model analysis of the
gas efflux data of the form;

Respiration rate ~ Soil temperature + Soil moisture +
Treatment + 1| (Plot + Sample-date) The parameters for
this model were estimated using Bayesian methods with
all parameters assumed to have normal, uninformed
priors. The variance of these priors was also assumed
to be from uninformed uniform distributions. JAGS
(Plummer 2003) was used to estimate the parameters
using MCMC sampling. The output from JAGS was
analysed in R (R_Development Core Team 2019)
using the coda package (Plummer et al. 2006). The
parameter estimates from this regression model indicat-
ed that the soil respiration rate increased by 0.10 pmol
m *s ! per percent increase in volumetric soil moisture
content (95% credible intervals 0.101-0.102) and by
0.039 pmol m™? s~ ! per degree Celsius increase in soil
temperature (95% credible intervals 0.0385-0.0395).
Plots with grasses only or trees only had similar respi-
ration rates when averaged over the time series (grasses
0.0013 higher, credible intervals 0.0019-0.025). Plots
with grasses and trees had higher respiration rates: 0.099
higher than grass plots and 0.11 higher than tree plots
(respective credible intervals 0.087-0.11; 0.10-0.12).

Isotopic composition and source partitioning of SOC

5"*Csoc become increasingly enriched with depth (from
—18.7%0 at 5 cm to -14.5%0 at 50 cm) after which values
again become more depleted (-15.2%o at 80 cm, Fig. 3).
The percentage of soil carbon under the canopy of trees
is higher (2.1% =+ 0.9) than away from the canopy (1.0%
+ 0.3) in the upper 5 cm of the soil after which values
decline rapidly down to 20 cm (0.7% =0.2 under, 0.6%
+0.09 away) (Fig. 4a). The mixing model results show
that grasses contribute between 60 and 85% of the
carbon in the SOC in the surface layers of the soil down
to 20 cm under the canopy of trees and 87-95% away
from the canopy of trees (Fig. 4b).
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The disproportionate contribution of grass to 53 Csoc
values are also evident in the gas well estimates of §'*Cy
(Fig. 3). Plots with trees only had wet season 513Cr
values in the upper 20 cm of the soil that are depleted (-
16.8 and — 17.7%¢ in the wet season) relative to the grass
only plots but these 5'*Cy values are still closer to that
of grasses (-13.2%o) than trees (-27.6%o) (Fig. 3). There

v v : T T

\\ \\ \\ \\ \"' \"' AN \'\' AY \"' \'\‘ \"' \"'

Date (Months)

are strong seasonal differences in 5'°Cy values in the
upper layers of the soil in the tree only plots. Under
grasses (grass only, grass + tree) there are no significant
treatment or seasonal differences in BIBCR values in the
upper layers of the soil. These values do however be-
come more depleted with depth, especially so in the dry
season (Fig. 5). In the upper layers of the soil tree only
5'3Cg values are more depleted (closer to the tree end
member value of -27.6%0) in the wet season while
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Fig. 3 An illustration of our
results showing the wet season
fractionation of atmospheric CO,
under only C4 grasses or Cj trees
and the influence of grasses and
trees on the, §'>C values of SOC
(8"Cyom %o) and soil CO, (§"°Cr
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grasses become marginally more enriched (closer to the
grass end member value of -13.2%0). In the tree only
plots wet and dry season &'°Cg values converge to -
17%o from and below 40 cm depth while the grass plots
(grass only, grass + tree) are + 1%o depleted in the dry
season (Fig. 5).

Discussion

Soil organic matter is primarily composed of organic
material produced by the roots as well as some detritus
filtering down from the surface. Our results show that, in
the top 20 cm of the soil, between 60-95% of the SOC at
our study site is composed of grass organic matter. With
microbial decomposition, the 5'°C values of the CO,
released from this SOC is indistinguishable from that of
grass root respiration. We were therefore unable to use
the differences in 8'3C values of trees, grasses and SOC
to determine the relative contributions of the individual
sources (roots and microbes) to total soil respiration
(Rochette et al. 1999).

Our results do however show that in this tropical
savanna where rainfall is distinctly seasonal the process
rate of soil efflux primarily responds to soil moisture
rather than temperature (Bowling et al. 2015; Makhado
and Scholes 2011). Relative to the wet season, CO,
efflux at the soil surface decreased with decreasing soil
moisture during the dry season regardless of treatment.
Monthly gas efflux at the soil surface responded
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strongly to the onset of the rain at the beginning of the
wet season in October 201 1. Similarly, the early onset of
the rains in September 2012 resulted in a strong increase
in soil water content and soil CO, efflux at the soil
surface.

At our study site tree species are deciduous during
the dry season while grass leaves, although they do not
abscise, do die (Higgins et al. 2011). With very little dry
season photosynthesis the primary source of rhizosphere
respiration is maintenance respiration of roots while
microbial activity is also reduced (Coetsee et al. 2010;
Higgins et al. 2015; Makhado and Scholes 2011). The
influence of tree root respiration at depth is illustrated in
our study by the dry season &'*Cg, values of the soil pore
CO, from the plots with grasses being depleted by + 1%o
and the convergence around — 17%o in the tree only
plots as values trend toward the —27.6%0 end member
value for trees. During the dry season SOC primarily
composed of grass roots accumulates because of mois-
ture limitation and a reduction in microbial activity
creating a pool of high quality SOC (Higgins et al.
2015). With the onset of the rains microbes become
active and preferentially decompose the more labile
non-structural carbohydrates releasing '*C enriched
CO, primarily composed of grass organic matter. In
the plots with grass these values are diluted close to
the surface by mixing with atmospheric CO, resulting
in 6'3Cy values more enriched than the — 13.2%0 end
member value for grasses.

During the wet season surface (top 20 cm) 513Cx
were similar in grass-only and tree-grass plots
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suggesting minimal contribution of trees to 5'*Cy. Also,
in these surface soil horizons our results show that
between 60-80% of the SOC at our study site is com-
prised of grass organic matter. Taken together, these
results show that the roots of grasses are contributing
more to both SOC and soil rhizosphere respiration than
trees. While our focus is on juvenile trees, our findings
agree with several studies in Africa, Australia and South
America which show that the highest proportion of fine
roots for both trees and grasses are in the upper 20 cm of
the soil (De Castro and Kauffman 1998; February et al.
2013; February and Higgins 2010; Riginos 2009;
Wigley et al. 2020). These studies also show, as do
our results, that '°C,,,, become enriched from the
surface down to 20 cm. Our results, however, show that

Soil respiration 313C (%o)
-8

Soil depth (cm)
&
o

]
-80 s

Fig. 5 Wet, closed symbols, and dry, open symbols, season
changes in soil 613CR values at 5, 10, 20, 40 and 80 cm for our
three treatments (¢ OTree + no grass, ® o Grass + no tree and A A
Tree + Grass) from Sept 2011 to Feb 2013

both our §'3Cy and §'3Csoc values become increasing-
ly more depleted below 20 cm suggesting more of an
influence from tree roots in the deeper layers of the soil.

A widespread projection of climate models for Afri-
can savannas is that precipitation intensity will increase
(Fischer et al. 2013; Pendergrass and Hartmann 2014).
We show that while both trees and grasses are primarily
rooted in the upper layers of the soil trees are also rooted
deeper down. The projected increase in precipitation
intensity will therefore push soil water into the deeper
soils that are beyond the rooting zone of grasses
(Kulmatiski and Beard 2013). Several causes for bush
encroachment have been evoked including land man-
agement, and CO, fertilization (Bond and Midgley
2000; Ward 2005). The ability for trees to source water
deeper than grasses is yet another driver that could work
in concert with others to exacerbate bush encroachment
(Kulmatiski and Beard 2013). Our results show that
grasses contribute substantially more than trees to both
soil carbon and soil respiration. The rapid turnover of
this carbon in the top 20 cm of the soil is an important
determinant of plant available nitrogen (February and
Higgins 2016; Higgins et al. 2015). There is, however, a
documented decrease in grass biomass and increase in
soil carbon with bush encroachment (Coetsee et al.
2013; Hudak et al. 2003). An increase in woody bio-
mass below 20 cm combined with the slower decompo-
sition rates for tree carbon will result in a decrease in
carbon turnover and nitrogen mineralisation in the top
20 cm of the soil that will substantially change the
ecosystem (Coetsee et al. 2013; February and Higgins
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2016; Higgins et al. 2015). Worldwide, savanna is a
biodiverse and economically important biome, any
changes to the ecosystem will have biodiversity and
economic consequences (Coetsee et al. 2013; Ratter
et al. 1997).

Conclusions

Our results show that the highest proportion of fine roots
are in the upper 20 cm of the soil and that grasses are the
primary contributors to both SOC and soil respiration at
our study site. Trees do, however, contribute to SOC
and soil respiration in the deeper soil horizons. The
results of our study also show that when grasses are
present CO, fluxes are larger and that the isotope ratio of
soil respiration (5'°Cy) is more representative of grasses
than trees. Any increase in woody biomass at our study
site will result in a slowing of soil carbon cycling as
SOC turnover declines with subsequent reductions in
soil respiration resulting in higher SOC pools. The bio-
diversity losses and economic consequences of such
changes to the ecosystem far outweigh the arguments
for carbon sequestration (Coetsee et al. 2013; Ratter
etal. 1997).
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