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Abstract Factors governing the dynamics between
woody and herbaceous vegetation in the savanna are
of ecological interest since they determine ecosystem
productivity and stability. Field measurements were
conducted in a humid savanna in the Lambwe valley,
western Kenya, to compare CO2 exchange of the
herbaceous vegetation and trees and its regulation.
Soil characteristics and root distribution patterns
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under tree canopies and in the open locations domi-
nated by the herbaceous vegetation were profiled in
1-m-deep soil layers. Soil water content (SWC) was
measured at 30 cm depth both in the herbaceous
vegetation and also under the tree canopies. The mean
maximum monthly gross primary production (GPP-
max) in the herbaceous vegetation was determined
from chamber measurements, while daily GPP (GPP-
day) in both the grass and tree canopies was simulated
using the PIXGRO model. The highest mean GPPmax
in the herbaceous vegetation was 26.2 + 3.7 umol
m-2 s-1 during April. Seasonal fluctuations of GPP in
the herbaceous vegetation were explained by soil
water availability (R*> = 0.78) within the upper 30-cm
soil profile. Seasonal GPPday fluctuations were larger
(between 1 gC m-2 d-1 and 10 gC m-2 d-1) in the
herbaceous vegetation compared to the trees, which
fluctuated around 4.3 + 0.3 gC m-2 d-1 throughout
most of the measurement period. Daily tree canopy
transpiration (Ec), canopy conductance (Gc), and
GPPday were decoupled from SWC in the top 30-cm
soil profile. On average, ecosystem GPPday (mean of
tree and herbaceous vegetation) was 14.3 = 1.2 gC
m-2 d-1 during the wet period and 6.1 + 0.9 gC m-2
d-1 during drought. Differences between the herba-
ceous and tree canopy responses were attributed to soil
moisture availability.

Keywords Canopy conductance - Canopy
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Introduction

Savannas are tropical and sub-tropical ecosystems
defined by a discontinuous tree canopy matrix above a
seasonally continuous herbaceous vegetation that
occur naturally in Africa, Australia, Asia, the Amer-
icas, and southern parts of Europe (Scholes and Archer
1997). They cover approximately 17 x 106 km?* of
the Earth’s land surface and must play a significant
role in the global carbon budget and regional hydro-
logical cycles (Miranda 1997). Factors governing the
dynamics between woody and herbaceous vegetation
have been of primary interest since they determine
ecosystem productivity and stability (Walter 1971;
Noy-Meir 1982; Walker and Noy-Meir 1982; San-
karan et al. 2004; Baudena et al. 2010). The two-layer
hypothesis by Walter (1971) proposed a compartmen-
talized soil resource base, whereby trees draw their
water supply from the deeper, more stable soil mois-
ture reserves, while roots of the herbaceous vegetation
are restricted to the shallow soil layers (Walter 1971;
Noy-Meir 1982; Walker and Noy-Meir 1982). Trees,
therefore, remain physiologically active for longer,
during the development of drought and exhibit higher
rates of CO, exchange compared to the herbaceous
vegetation, due to extended moisture availability in
the deeper soil profiles (Scholes and Walker 1993;
Scholes and Archer 1997; Jenerette et al. 2008; Scott
et al. 2014).

In humid savannas, however, frequent rainfall
and high soil moisture availability during most of
the year may not support the development of deep
rooting systems. Both the trees and the herbaceous
vegetation, therefore, rely on water available in the
shallow soil layers (Belsky 1994; Mordelet et al.
1993; Le Roux et al. 1995; Eamus et al. 2001) and
are likely to demonstrate similar trends of CO,
fluxes during most of the year, given that in most
savannas soil moisture controls most of the ecosys-
tem processes (Walter 1971; Noy-Meir 1982; Frost
et al. 1986). Ecophysiological studies in some moist
savannas, however, have shown higher leaf gas
exchange rates in trees compared to the herbaceous
vegetation during the short drought intervals (Myers
et al. 1997; O’Grady et al. 1999; Hutley et al. 2000).
Such differences maybe attributed to (1) facilitation
of water infiltration after a rain event by the trees,
resulting in higher sub-canopy soil moisture com-
pared to the exposed inter-canopy soils dominated

@ Springer

by the herbaceous vegetation (Devitt and Smith
2002; Bhark and Small 2003); (2) reduced soil
evaporation through canopy shading, facilitating
sustained high soil moisture availability under tree
crowns during the development of drought (Weltzin
and Coughenour 1990; D’Odorico et al. 2007); (3)
extensive, lateral rooting system and access to soil
moisture beyond their crowns in trees (Belsky 1994;
Casper et al. 2003; Wang et al. 2007); or/and (4)
differential rooting systems between trees and the
herbaceous vegetation that allow trees to access
more stable, deep water resources (Scott et al. 2006;
Jenerette et al. 2008; Barron-Gafford et al. 2012).

While the co-dominance of trees and the herba-
ceous vegetation in humid savannas in East Africa has
evolved under conditions of high soil moisture avail-
ability most of the year, the current climate predictions
point to a significant decline in rainfall amounts and an
increase in air temperatures by 2100 (Cook and Vizy
2013; Dai 2011; Sillmann et al. 2013). Changing
precipitation pattern and temperature will potentially
alter soil moisture distribution patterns and atmo-
spheric vapor demand, and are likely to change the
way these savannas are structured and their function-
ing as well. As evidenced in a number of savannas and
savanna-type ecosystems in Africa and elsewhere,
declining ground water table as a result of increasing
drought has led to significant woody vegetation
encroachment (Archer et al. 2000; Hudak and Wess-
man 1998; Roques et al. 2001). These studies show
that in the event of drought the woody vegetation has a
competitive advantage over grasses because they are
deep rooted and can take advantage of the deep
aquifers during drought, when water resources in the
shallow soil layers are depleted (Jenerette et al. 2008;
Barron-Gafford et al. 2012; Scott et al. 2014). Such
observations are of significant ecological interest, but
very poorly understood in the East African humid
savannas. Reduced precipitation will alter moisture
distribution in the soil substrate, a change that is likely
to influence the coupling between plants and their
environment, impacting vegetation functioning
(Jenerette et al. 2008; Barron-Gafford et al. 2012;
Scott et al. 2014; Ahlstrom et al. 2015) and distribution
(Midgley and Thuiller 2010). This calls for better
understanding of the linkages between the physical
drivers of ecosystem processes, structure, and produc-
tivity of the humid savanna in its current state.
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A recent study in a humid savanna in the Lambwe
valley in western Kenya has demonstrated a strong
decline in CO, exchange and productivity of the
herbaceous vegetation during the dry periods (K’ Otuto
et al. 2013). For this ecosystem, however, information
regarding tree responses is lacking. We still do not
understand the functional relationships between the
trees and the herbaceous vegetation, which ultimately
determine how the ecosystem reacts to changing
rainfall regimes. How the two vegetation components
relate to seasonal variations in soil moisture resources
may provide hints as to how the ecosystem may react
to future climate. In this study, we examined soil
characteristics, seasonal soil water content (SWC),
root distribution patterns, and CO, exchange of the
herbaceous vegetation and trees of the humid savanna
in Lambwe valley. We hypothesized that in this humid
savanna, (1) trees improve water infiltration and soil
moisture availability within their rhizosphere; (2) trees
and the herbaceous vegetation in this humid savanna
exhibit different rooting patterns and have access to
different soil water resources; and (3) canopy CO,
exchange in both the trees and the herbaceous
vegetation is governed by soil moisture availability.

Materials and methods
Site description

The measurements were conducted in a humid
savanna in Ruma, located within the Lambwe valley
(00° 35" S & 34° 12’ E) in Nyanza Province, Suba
District in western Kenya. The altitude of the area is
around 1300 m above sea level. The site was located
on a north eastern-facing slope at the foothills of the
Gwasi massif. The climate is warm and humid, with a
mean (2003-2013) annual air temperature of 22 °C. In
addition to the expansive savanna with semi-natural
vegetation, other land cover types include a conserved
area under the Ruma National Park, human settle-
ments, open cattle grazing fields, and seasonally
cultivated crop fields (Maitima et al. 2010). The mean
annual rainfall (1993-2013) is 1100 mm, with a weak
bimodal distribution pattern between April-June and
September—November. January—March is usually the
driest and hottest period of the year. Soils here are
shallow, stony, red-brown clay loams. The higher
elevations support ferruginous tropical soils and

halomorphic soils on rocks that are rich in ferromag-
nesian minerals. Mixed soil formations of red-brown
friable clays, gray mottled clays, and gray compacted
loamy sands predominate. Down towards the valley
bottom, the soils are largely black clays, i.e., “black
cotton.” Soils here have a high mineral content and
tend to be alkaline (Allsopp and Baldry 1972).

The hills are covered with trees, whose density and
diversity decrease down slope where the herbaceous
vegetation dominates. Our measurements were con-
ducted on a slightly sloping (slope = 3°), 150 ha
terrain mainly rolling grassland, with tracts of open
woodland and thickets dominated by tree species of
Acacia, Bridelia, Combretum, and Rhus (Table 1), and
a wide diversity of herbaceous vegetation, dominated
by the grass species Hyparrhenia (filipendula
(Table 2). Tree canopy cover at the measurement site
was ~ 20 %. The water table is estimated at 10-15 m,
fluctuating between the rainy and dry seasons (com-
munication from the NYS).

Measurements
Microclimate

Between 2008 and 2012, weather parameters were
measured with independent sensors that were either
connected to a data logger (DL2e, Delta-T Devices,
Cambridge, UK) or had standing alone loggers.
Precipitation (RG3 HOBO pedant rain gauge, HOBO-
ware, Eichstetten, Germany), air humidity and tem-
perature (FUNKY-Clima, ESYS, Berlin, Germany),
and soil temperature at —10 and —30 cm (HOBO-
ware, SynoTech, Linnich, Germany) were measured
every 5 min, and data were averaged and logged half-
hourly. In Feb 2013, we installed an automatic weather
station (AWS- WS-GP1, Delta-T Devices, Cam-
bridge, UK) within the study site to measure and
record half-hourly averages of 5-min readings of solar
radiation, wind speed and direction, air temperature
and humidity, and total rainfall.

Analyses of soil characteristics and plant root
distribution

Analyses of soil properties were done in 2012 by

Arnhold et al. (2015). Soil profiles (~0.5 x 1 m)
down to a depth of consolidated rock material were
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Table 1 Tree species
within the 100 by 90 cm
plot where sap flow

Tree Species

No of individuals
measured for sap flow

Number of erect stems
with DBH ranges (cm) n

measurements were

conducted . ,
Acacia ancistroclada

Anacardia sp.

Areca digitata

Bridelia scleroneura

Combretum molle

Gardenia urcelliformis
Individual trees are Ozoroa insignis
organized according to

Diameter at breast height
(DBH) classes

Piliostigma thonningii

Rhus natalensis

5-10 11-20 21-30
2 2

4 8 1
9 4

35 82 8

16 24

1 5

4 1 2

3 4

1 9 1

Table 2 Species composition of the herbaceous vegetation in
the open spaces outside the tree canopies

Species Family % cover
Aspilia pluriseta Asteraceae 0.6
Themeda triandra Poaceae 4.2
Berlaria acanthoides Acanthaceae 5.2
Chloris gayana Poaceae 9.8
Hyparrhenia filipendula Poaceae 66.7
Hypoestes aristata Acanthaceae 2
Justicia striata Acanthaceae 8.9
Paspalum vaginatum Poaceae 0.4
Striga asiatica Orobanchaceae 1
Others 1.2

The contribution of each individual is represented as %cover

dug within the open locations, outside tree canopies,
and also at locations under the tree canopies. Each
profile was divided into individual soil horizons and
subsequently analyzed for depth distributions of rocks,
soil texture, bulk density, saturated hydraulic conduc-
tivity, and plant available water capacity, carbon
(C) and nitrogen (N) contents, and roots. Rock content
was estimated within the profile walls by measuring
the size of stones and boulders and the amount of
coarse fragments in texture samples. Soil texture was
obtained through sieving and laser particle measure-
ments (Mastersizer S MAM 5044, Malvern Instru-
ments, Germany). Bulk density was determined from
three replicates per horizon of core samples of
100 cm® that were dried at 105 °C and subsequently
weighed. Total C and N contents were quantified by
elemental analysis (NA 1500 Analyzer, Carlo Erba
Instruments, Italy). Saturated hydraulic conductivity
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was estimated using the ROSETTA pedotransfer
model (Schaap et al. 2001) based on the measured
soil textural distribution (contents of sand, silt, and
clay) and bulk density. Plant available water capacity
was obtained from the moisture retention curve
function (van Genuchten 1980) as the difference
between the water content at field capacity (matric
potential of —0.03 MPa) and the water content at the
permanent wilting point (matric potential of
—1.5 MPa). The required retention parameters and
shape coefficients of the retention curve were also
estimated using the ROSETTA model as a function of
textural distribution and bulk density. Coarse (>2 mm
diameter) and fine (<2 mm diameter) root densities
for each horizon were determined by counting all roots
and dividing the number by the area of the profile wall
covered by the associated horizon.

Soil water content

Within the herbaceous vegetation, gravimetric soil
water content (SWC) was determined monthly at the
locations where CO, fluxes were measured. Samples
were taken using a 3-cm-diameter corer down to
30 cm. Each sample (layer) was immediately weighed
before oven drying at 105 °C for 48 h and re-
weighing. SWC was determined as the relative change
in weight between fresh and dry soil samples. Under
the trees, continuous SWC in the upper 30-cm soil
layer was monitored using Theta probes (type ML 2X,
Delta-T Devices, Cambridge, UK). Data were col-
lected every 30 min, averaged, and logged hourly
using a data logger (DL 2e-Delta-T Devices, Cam-
bridge, UK).
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CO, flux measurements and GPP determination
in the herbaceous vegetation

Canopy CO, assimilation rates (GPP) of the herbaceous
vegetation were determined from the monthly CO, flux
measurements (net ecosystem CO, exchange—NEE
and Ecosystem respiration—R,.,) Wwith chambers
between 2008 and 2010 (K’Otuto et al. 2013) and
repeated between 2012 and 2013. Measurements of GPP
and R, in the herbaceous vegetation were conducted
each month (consecutive 3 days of measurements)
using 40 cm x 40 cm x 54 cm (L x W x H) trans-
parent (for NEE) and opaque (for R..), climate-
controlled chambers (see Otieno et al. 2009 for full
chamber description). A set of six plastic frames/collars
measuring 39.5 cm by 39.5 cm were randomly inserted
4 cminto the ground in the open locations (at least 10 m
away from the nearest tree), a month before the
measurements were conducted to enclose an area with
herbaceous vegetation measuring 39.5 cm by 39.5 cm
for characterizing ecosystem CO, exchange. During
measurements, CO, concentration within the chamber
was measured continuously for a period of 2-3 min
using an infrared gas analyzer (Li-820, LI-COR, USA),
logging average values every 15 s.

Air (at 20 cm above the ground surface) and soil (at
—10 cm) temperatures inside and outside of the
chambers were monitored during CO, measurements,
and data were logged at the beginning and end of every
round of NEE measurement on each plot. Photosyn-
thetic active radiation (PAR) within the chamber and
above the vegetation (canopy) were recorded every
15 s (LI-190, LI-COR, USA). During each monthly
measurement series, repeated light and dark chamber
measurements were conducted between 08:00 h and
18:00 h. To calculate GPP, R.., was estimated for
each NEE observation time by linearly extrapolating
between R.., observations. GPP was calculated as
GPP = R, + NEE. (1)

Continuous GPP rates during the day were calcu-
lated by fitting GPP determined from chamber mea-
surements to a hyperbolic light response model, also
known as the Michaelis—Menten or rectangular hyper-
bola model (Owen et al. 2007), using continuously
measured PAR data above the grass canopy.

(2)

o ffx PAR
GPP = ,

ox PAR+ f

where o is the initial slope of the curve and an
approximation of the canopy light utilization effi-
ciency (COy/photon), f is the maximum GPP of the
canopy (GPP,.x — pmol CO, m > sfl), PAR is pho-
tosynthetic active radiation (mol photon m™2s™"), y
is an estimate of the average ecosystem respiration
occurring during the observation period (pmol CO,
m 2sh, (a/B) is the radiation required for half
maximal uptake rate, and (f + 7) is the theoretical
maximum CO, uptake capacity. Since the rectangular
hyperbola may saturate very slowly in terms of light,
the term (aff * PAR)/(o0 * PAR + f5) evaluated at a
reasonable level of high light (PAR = 1500 pmol
photons m~2 s~') was used in this study to approxi-
mate the potential maximum assimilation GPP,,,, and
can be thought of as the average maximum canopy
uptake capacity during each observation period, noted
here as (f + y)i1s00- The parameters (ff + 7)1500
(e.g., GPP at PAR = 1500) and y were estimated for
each measurement day.

Mean monthly maximum GPP (mean GPP,,,,) was
obtained by averaging monthly GPP,,,,, rates recorded
over the 5-year period during which the measurements
were conducted.

Estimation of daily GPP using PIXGRO model
Model characteristics

Daily gross primary production (GPP) for the trees and
the herbaceous vegetation were estimated using the
PIXGRO model (see Adiku et al. 2006 for full model
description). The model PIXGRO consists of two
coupled modules, the canopy flux module PROXELgg
(PROcess pixel net ecosystem exchange model) and
vegetation structure module CGRO. The module
PROXELngEg captures canopy processes such as GPP,
Reco» NEE, and transpiration. The simulation of GPP is
implemented in module PROXELygg using algorithms
of Farquhar and Caemmerer (1982), modified by
Harley and Tenhunen (1991). CGRO simulates growth
and development processes, €.g., leaf area index (LAI).
This module was developed for C; plants. The C4
plants, however, are known to have less photorespira-
tion compared to the C; due to the CO, concentration
mechanism of the C, cycle (Edwards and Walker, 1983;
Taiz and Zeiger 1991). In order to simulate GPP for C,4
grasses, leaf internal CO, concentration was set to
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3000 pmol mol ! (Ruidisch et al. 2015), thus estimat-
ing gas exchange under conditions of CO, saturation as
is the case with C4 plants.

The simulated LAI from CGRO is passed to the
PROXELNgg canopy process module, and the com-
puted fixed C fluxes are returned to CGRO, which then
simulates growth. Dry matter accumulation rate is
simulated from the hourly GPP (molCO, m2hh
after conversion to gross carbohydrate production rate,
P, (gCH,O m~2 h™!), and the latter reduced by plant
respiration losses (Adiku et al. 2006). The canopy was
treated as a single layer. Detailed descriptions of the
PIXGRO model algorithms are provided in the
supplementary material 1.

Model calibration and parameter setting

The PIXGRO model for trees was calibrated using tree
canopy transpiration (E., Eq. 6) and canopy conduc-
tance (G., Eq. 7) data derived from sap flow mea-
surements between May 15 and Nov 12 in 2013. For
comparison, similar simulation was performed for the
herbaceous vegetation for the same period over which
sap flow measurements were conducted. The herba-
ceous vegetation model was calibrated using 2013
GPP and NEE data derived from the chamber
measurements.

Sap flow measurements in trees

Sap flux density Js (g m~? s™") was measured in at
least 3 individuals of the three dominant tree species
(80 % of crown cover), Combretum molle, Bridelia
scleroneura, and Acacia ancistroclada (see Table 1),
using custom-made, heat dissipation probes con-
structed following Granier’s (1987) original design.
Each sensor consisted of a pair of 2-mm-diameter
probes vertically aligned ca. 10 cm apart. Each probe
contained an in-built 0.2-mm-diameter copper—con-
stantan thermocouple (see Otieno et al. 2014 for more
details on sensor installation and operation). Temper-
ature differences (AT °C) between the probes were
measured every 10 s, and a 30-min mean value was
logged using Delta-T data logger (DL2e, Delta-T
Devices, England).

Js for each sensor was calculated from AT in
accordance with Granier (1987), assuming zero Js
(i.e., AT a0 at night and VPD near zero:
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Js = 119k "5 (3)
where

ATpax — AT
K = (AT — AT) AT ), (4)

Tree water use (TWU, kg h™') was obtained by
multiplying Js by sapwood cross-sectional area (S,
mz).
™U = JS,' . SA,', (5)

where Js; is Js of the annulus i (g m~? s_l) and S,; is
sapwood area of the annulus i (mz).

In order to calculate canopy transpiration, the trees
were grouped into diameter at breast height (DBH,
approx 1.5 m height above the ground surface) classes
of 0-10, 11-20, and 21-30 cm. Canopy transpiration
was calculated for each diameter class by combining
mean SFD for each DBH class and total S, in each
DBH class per unit ground area (G,) (Ewers et al.
2002).

EC = ‘Is SA/GA (6)

Canopy conductance (G., mm s~ ') was determined
from E, rates as

E
G, = kVP°D where k = G, T, (7)
where Gv is the universal gas constant = 0.462 m>
kPa kg71 Kil) and T} is the air temperature in Kelvin
(K).

Data analysis

Statistical analysis was carried out using the SPSS
package. Homogeneity of data from the six different
CO, measurement soil frames and also soil data from
the replicate plots was tested using Shapiro—Wilk test.
Soil data from the two locations were compared using
t test, at the 5 % level of significance. Factor effects
were assessed through regression analyses.

Results
Soil characteristics and root distribution patterns

The depth of soils on which our plots were established
ranged between 50 and 70 cm, below which there was
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Open spaces Between trees
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Fine root density (100 rocts/m?|
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Fig. 1 Soil characteristics including (upper panel) soil texture,
structure, and hydraulic parameters, (lower panel) soil nitrogen
and carbon contents, and root distribution in the (a and c¢)

a strong presence of coarse rock fragments (Fig. 1a,
b). The soil textural composition was 50-80 % clay,
1040 % silt, and 5-10 % sand, with no differences

locations outside the tree canopies dominated by the herbaceous
vegetation and (b and d) locations under the tree canopies

between the open locations, outside the tree canopies,
and under the tree canopies. In both locations, soil bulk
density ranged from 0.8 to 1.0 g cm™>, while soil
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hydraulic conductivity ranged from 20 to 70 mm h='.
Differences between locations under the tree canopies
and the open locations were not significant. Under the
tree canopies and in the open locations, soil hydraulic
conductivity dropped sharply within the shallow
30-cm soil profile, while plant available water capac-
ity was stable between 0.17 and 0.19 m® m™>.
Differences in soil bulk densities and hydraulic
properties between the two locations were also not
significant. The distribution patterns and quantities of
soil C and N within the upper 60 cm of the soil profiles
below and outside the tree canopies were similar, with
values ranging from 0.3 and 4 % within the top 10-cm
soil profile and around 0.1 and 1.5 % in the 40 cm
depth for N and C, respectively (Fig. lc, d).

Root distribution patterns were different between
the two locations (Fig. lc, d). In the open locations,
the densities of coarse and fine roots were the highest
at around 20 cm depth, but declined sharply between
30 and 60 cm depths. Some of the coarse roots found
here belonged to the trees, while majority of the fine
roots were grass roots. Under the tree canopies, there
was a strong increase in coarse root density in the

deeper soils >40 cm depth, all of which belonged to
the trees. Fine root density within the top 60-cm soil
profile under the tree canopies was low and declined
between 10 and 50 cm depths. There was a mix of both
trees and grass roots.

Microclimate of the study site

The average monthly air temperatures and total
rainfall between 2008 and 2013 during the period of
CO, measurements in the herbaceous vegetation are
shown in Fig. 2. On average, monthly air temperature
was 22.3 + 4 °C, the hottest months being February
and March, while the coldest month was July. Daily
temperature fluctuations ranged between 12 and
15 °C. Rainfall was bimodal, occurring from mid-
March to end of May and from September to
November. The average annual precipitation was
1086 £ 230 mm (5-year period). Continuous PAR
measurements were only available from Feb 2013,
otherwise point measurements were conducted along-
side CO, flux measurements with the chamber.

Fig. 2 a Mean monthly air 200 30
temperatures (7;;) and total —IRainfall (mm) ——Tair (°C) A
monthly rainfall amounts O/QR’\
recorded over a period of 150
10 years between 2004 and . L 20
2013 at three climate £ —
stations located at different E e
s = 100 <
locations around the Ruma © =
National Park. b Mean .% 10 =
maximum canopy 14 i
assimilation (A,,x) and soil 50
water content (SWC) in the
herbaceous vegetation
between 2008 and 2010 and 0+
repeated between May 2012 30.0 50.0
and December 2013. Bars
are standard deviation Ea
! 25.0
(\I‘m - 40.0
1S
S 200
€ - 300 —~
= X
§ 15.0 o
o - 20.0 %
15 10.0
c
3 50 - 10.0
2 .
0.0 - 0.0
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Between Feb and Nov 2013, daily sums of PAR
ranged between 20 and 49 mol m—> d~'.

Canopy gross primary production of the herbaceous
vegetation

Canopy GPP of the herbaceous vegetation was higher
during the rainy compared to the dry periods (Fig. 2b).
Peak instantaneous GPP,.x rates were
26.2 + 3.7 umol m 2 s™' recorded in April, while
the lowest rates averaged 12.4 & 4.3 umol m 25~ 'in
February, corresponding to the wettest and driest
months of the year, respectively (Fig. 2a). A second
peak, but lower than that in April, occurred in October,
associated with the short rain events. Similar trends
were observed for ecosystem respiration (R..,) and net
ecosystem CO, exchange NEE (See supplementary
material 2). SWC at 30 cm depth explained most
(R2 = 0.78) of the observed variations in GPP,,, in
the herbaceous vegetation (Fig. 3).

Tree canopy transpiration and canopy conductance

Daily transpiration rates, prevailing microclimate, and
soil moisture conditions within the upper 30-cm soil
layer between March and November 2013 when sap
flow measurements were conducted are shown in
Fig. 4. The average daily TWU between May and
October was ca. 22.4 & 8.6 kg d™', contributing to
mean daily maximum canopy transpiration (E.) rates
of 1.2 + 0.1 mmd~". The highest E occurred in June
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Fig. 3 Response of the average monthly maximum gross
primary productivity (GPP,,.c) rates to changing soil water
content (SWC) in 30-cm soil profile in the herbaceous
vegetation. Data are 3-day records for each month averaged
over the period between 2008-2010 and 2012-2013

and in October, associated with the highest canopy
conductance (G.) of around 11.5 mm s~1, while the
lowest E.. and G, rates of 0.7 mm d 'and 6.2 mm s,
respectively, occurred between July and September
(Fig. 4a). Transpiration remained relatively stable dur-
ing the measurement period, with slight increase at
higher VPD (Fig. 4a, b). There was no relationship
between SWC at 30 cm depth and E, or G.. Both E,
and G, were however correlated (R* = 0.62 and 0.50,
respectively) with VPD (Fig. 5). While canopy tran-
spiration tended to saturate at higher VPD, G. was
linearly and negatively correlated with VPD.

Simulated daily herbaceous and tree GPP

Simulated daily GPP for the herbaceous and tree
canopies between February and September, covering a
dry period and a wet period in 2013, are shown in
Fig. 6. This was the period when data required for the
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Fig. 4 a Daily tree canopy transpiration (E.), b mean daily air
temperature (7,;;) and maximum vapor pressure deficit (VPD),
and ¢ daily total precipitation and mean soil water content
(SWC) within the top 30 cm under the tree canopies between
May and November 2013 when sap flow measurements were
conducted

@ Springer



Plant Ecol (2015) 216:1441-1456

1450
15
A
. 1.04
©
£
£
w051
y = 0.3403Ln(x) + 0.781
R?=0.50
0.0 . . . .
15
B
—~ 10
‘v
S
E
[&)
O 5
y = -3.6604x + 14.217
R?=0.62
0 . . . .

0.0 0.5 1.0 1.5 2.0 2.5
Mean daytime VPD (kPa)

Fig. 5 a Response of tree canopy transpiration (E;) and
b canopy conductance (G.) to changes in vapor pressure deficit
(VPD) during the day

©Tree layer
# Herbaceous layer

GPPyy, (gC m? d)
(o3}

Fig. 6 Simulated daily gross primary production (GPP) of the
herbaceous and tree canopies between May and September 2013
when sap flow measurements were conducted

model calibration were available. The highest daily
GPP in the herbaceous vegetation occurred between
April and May. A second minor peak occurred in
September, corresponding to the pattern of monthly
GPP,,,.x directly measured with the chambers.
Seasonal fluctuations in daily GPP in the herba-
ceous vegetation were larger compared to trees. The
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herbaceous layer GPP rose from 1 gC m™2 d™' in
February to its peak of 10.2 + 0.7 gC m~>d™" in
May. A strong decline occurred between June and
August, attaining the second lowest daily GPP of
344 1.1 gC m~? d' during the year. After the
September rainfall, there was an increase to a second
peak of 7.0 & 0.6 gCm > d~". Unlike the herbaceous
vegetation, daily GPP in the tree canopy remained
relatively stable at 4.3 + 0.3 gC m~> d™ !, showing
less response to SWC within the top 30-cm soil profile.
During the rainy periods, tree canopy GPP rates were
two times lower than in the herbaceous vegetation.
During the dry periods, however, the herbaceous
vegetation daily GPP dropped to lower rates compared
to the trees. On a ground area basis, the average
ecosystem GPP was 14.0 & 1.2 gC m™> d™' during
the wet periods and dropped to 6.1 £ 0.9 gC m2d™!
during drought.

Discussion

There was no indication that trees improve soil
characteristics related to water infiltration and mois-
ture storage, since particle size distribution, soil
organic matter content, soil bulk density, hydraulic
conductivity, and available water capacity under the
trees and in the open locations dominated by the
herbaceous vegetation were similar, disqualifying our
first hypothesis (Fig. 1). This was contrary to the
previous observations by Belsky et al. (1993) for a
semi-arid Kenyan savanna receiving 450 mm rainfall
annually. However, like in our case, Hamerlynck et al.
(2011) reported lack of influence of trees on soil
properties in a semi-arid region with mean annual
rainfall of 377 mm. In a study in the Kalahari transect
in southern Africa, with rainfall amounts ranging from
365 mm on the driest to 698 mm on the wettest end of
the transect, D’Odorico et al. (2007) showed that trees
had a positive influence on soil moisture in the dry
soils, but this effect was weaker or even neutral in
wetter soils. They showed that trees in dry soils
improved soil water availability under their canopies
by reducing evaporation from the soil surface and by
funneling water from their crowns into the soil as stem
flow. A similar analysis by Caylor et al. (2005)
demonstrated that the influence of trees on soil
moisture distribution across the landscape was depen-
dent on the mean annual precipitation. Tree effects on
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Table 3 Abbreviations,

Symbol Description Units
their descriptions, and units
as used in the text Herbaceous vegetation

GPPg,y Gross primary production gC m2d!
GPP,.x Maximum gross primary production pmol CO, m 2§}
Reco Ecosystem respiration pmol CO, m 2§}
NEE Net ecosystem CO, exchange pmol CO, m™2 s~
o Canopy light utilization efficiency pumol CO,/pmol photon
p Maximum GPP (GPP,,,,) of the canopy pmol CO, m2s7!
y Average ecosystem respiration pmol CO, m™2 57!
B+ Misoo Maximum gross primary production pmol CO, m~2 s~!
LAI Leaf area index m? m~2

Trees
Py Gross photosynthesis gCH,0 m? h™!
P Net photosynthesis C pmol m s}
G, Gas constant kPa kg™' K™!
Ga Ground area m?
Js Sap flux density gm 257!

Sa Sapwood area m?
DBH Diameter at breast height cm
TWU Tree water use kg h™!
G, Canopy conductance
E, Canopy transpiration mm d~'

Microclimate and soil
SWC Soil water content % volume
VPD Vapor pressure deficit kPa
PAR Photosynthetic active radiation pmol photons m~2 s~
T, Temperature in Kelvin K

soil water availability were the strongest at moderate
annual precipitation of around 400-500 mm, but
disappeared as the mean annual rainfall increased or
decreased from this range. While these findings
support previous observations and ours too, they did
not demonstrate the mechanisms by which trees make
soil moisture more available under their canopies.
D’Odorico et al. (2007) proposed improved soil water
infiltration in dry clayey soils and reduction of
evaporative losses by the crown in dry sandy soils as
some of the mechanisms through which the positive
effects of trees can be attained. Here, we demonstrate
that at annual rainfall amounts of around 1100 mm,
with soils that are predominantly clay, trees show no
significant influence on soil properties related to rain
water infiltration and water storage. The only observ-
able difference between locations under the trees and
those in the inter-canopy areas, dominated by the
herbaceous vegetation, was plant rooting patterns

(Fig. 1), partially supporting our second hypothesis.
Thus in our case, differences in the functioning of the
herbaceous and tree canopies related to soil moisture
availability can only be attributed to rooting patterns
of the two vegetation types.

Roots of the herbaceous vegetation were confined
to the shallow 60-cm soil profile, while tree roots
occurred both in the shallow and deep (> 60 cm
depth) soils (Fig. 1c, d). Trees also extended their
roots into the open locations outside their crowns. This
rooting pattern potentially improves access to soil
moisture resources and water uptake by trees com-
pared to the herbaceous vegetation, especially during
drought (Belsky et al. 1989; Gibbens and Lenz 2001;
Hamerlynck et al. 2011). The presence of tree roots
within the shallow soil profiles was also an indication
that both trees and the herbaceous vegetation compete
for resources, including nutrients and water, as
observed in other humid savannas elsewhere (Le
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Roux et al. 1995; Eamus et al. 2001). These differ-
ences in the rooting patterns between the trees and the
herbaceous vegetation likely influence the way the two
vegetation types function, including CO, exchange
and productivity.

Soil moisture in the top 30-cm soil profile explained
most (R* = 0.78) of the observed seasonal fluctua-
tions in CO, assimilation rates in the herbaceous
vegetation (Fig. 3). This observation agreed with the
root distribution data, which showed that most roots of
the herbaceous vegetation were confined to the upper
30-cm soil profile (Fig. 1c). Thus the maximum GPP
rates (GPP,,,,,) of 26.2 £ 3.7 pmol m 2s™!, recorded
in the herbaceous vegetation, coincided with the wet
period with highest SWC in the shallow soil layers,
while the lowest rates of 13 + 3.4 pmol m~2 s~
occurred during drought, with the least SWC in the top
soil layers. In an arid savanna in South Africa, Kutsch
et al. (2008) reported maximum ecosystem GPP rates
of 22 pmol m™~2 s~ '. Similarly, in an arid Kalahari
savanna, with a mean annual precipitation of
365-407 mm, the maximum ecosystem GPP ranged
between 15.0 and 20.0 pmol m ™2 s~ ', A similar range
was reported for a savanna in Botswana receiving
400-464 mm pa (Veenendaal et al. 2004; Williams
and Albertson 2004). In a semi-arid Sudanian savanna,
canopy assimilation was 16.0 and 2.0 pmol m~2 s~
during the wet and dry periods, respectively (Ardo
et al. 2008). Thus our GPP,,,, rates (mean between
herbaceous and trees) of around 32 pmol m—* s~
recorded at our site, with an annual rainfall of
900-1300 mm, was realistic. Unlike in most arid
savannas where canopy productivity drops to near zero
during the dry periods (Ardo et al. 2008; Kutsch et al.
2008), in our case the herbaceous vegetation remained
photosynthetically active even during drought, with
peak assimilation rates of around 12 pmol m=2 s,
Thus, despite periods without rainfall, soil moisture in
this savanna remains above a threshold that can
support high productivity in the herbaceous
vegetation.

The highest mean tree E. rates were around
1.2 + 0.1 mm d~' but dropped by a small margin to
around 0.8 mm d ™' during the dry spell. There was no
correlation between tree E. and SWC at 30 cm depth,
suggesting that water availability in this soil profile
had less influence on tree E.. This was likely because
trees obtain water from soil layers deeper than 30 cm,
as demonstrated by the root distribution patterns
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shown in Fig. 1d. O’Grady et al. (1999) and Myers
et al. (1997) reported lack of differences in tree water
use between the wet and dry seasons since trees
maintained root-shoot water transport throughout the
year in a humid savanna. This was possible because of
root access to stable water sources in the deep soils. In
a similar humid savanna, Cook et al. (1998) reported
that water stored within the 6-m soil profile adequately
met tree water requirements during the dry season.
These observations are similar to our own, where the
trees maintained relatively constant transpiration
rates, both during the rainy and dry periods (Fig. 4a).
We can confidently conclude that the presence of tree
roots in the deeper (>30 cm) soil profiles was
responsible for continued high transpiration rates even
during drought.

Daily tree E, increased at higher VPD, but tended to
saturate at VPD >1.9 kPa (Fig. 5a), and thus, in many
cases, the maximum E_ occurred during the periods
when VPD was the highest (Fig. 4a, b). Trees,
however, can only transport a given amount of water
in their conducting vessels, and hence E. tends to
saturate at higher VPD (Fig. 5a). Excess demand on
the water transport apparatus, above the vessel capac-
ity, leads to cavitation unless checked through stom-
atal closure (Otieno et al. 2007), or by lowering
canopy leaf area (Hutley et al. 2000). In our case, trees
closed their stomata, leading to a strong reduction in
G. at high VPD values (Fig. 5b). At low VPD
(~0.5 kPa), the maximum G, recorded was
12.5 mm sfl, but this declined to around 5 mm s~
at VPD of >2.0 kPa, while E_. remained relatively
unchanged, suggesting that water supply to the canopy
was less interrupted. In a relatively dry South African
savanna, with lower SWC compared to our site,
Kutsch et al. (2008) reported a maximum G. of
9.8 mm s~ during the wet season, but the rates
declined to near zero during drought due to lack of soil
water. In a semi-arid riparian mesquite woodland in
south eastern Arizona, woody vegetation maintained
high transpiration rates during summer drought due to
access to groundwater (Scott et al. 2006; Barron-
Gafford et al. 2012). While G, declined from 15 to
3 mm s~ in a Quercus plantation in a savanna type,
Mediterranean ecosystem FE. remained relatively
unchanged because of access to groundwater (David
et al. 2007).

Changes in G. due to stomatal response to
environmental conditions have implications on
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canopy CO, uptake, since photosynthesis is coupled to
stomatal conductance (Wong et al. 1979; Xu and
Baldocchi 2003). For a given amount of water lost,
plants maximize the amount of carbon assimilated,
leading to an optimal variation in GPP and E. in space
and time (Cowan and Farquhar 1977; Cowan 2002).
Thus daily cumulative GPP (GPPg4,y) in the trees
remained stable around 4.3 + 0.3 gCm ™2 d~" during
the drought despite significant drop in G..

A comparison of simulated GPP between the
herbaceous and tree canopies showed varying trends
and magnitudes between them during the year
(Fig. 6). The maximum daily GPP in the herbaceous
vegetation was 10.2 & 0.7 gC m~2 d™ ! in the wet
period compared to 4.3 + 0.3 gCm > d~! estimated
for the tree canopy. Daily GPP, however, dropped to
2.1 £+ 1.3 gC m 2 d! in the herbaceous vegetation
due to drought stress, while changes in the tree canopy
were minimal. Our observations resemble those
reported from similar ecosystems elsewhere. In a
riparian conservation area in southeastern Arizona,
Scott et al. (2014), Barron-Gafford et al. (2012),
Jenerette et al. (2008), and Huxman et al. (2004)
observed that the C, grasses physiologically outper-
formed the C; mesquite woody vegetation during the
wet monsoon periods, but were less productive during
drought. Differences between the two vegetation types
were related to rooting depths, with the woody
vegetation having unrestricted access to ground water
throughout the year. In an Australian savanna, grasses
exhibited 70 % higher daytime GPP compared to the
trees during the wet period, but it was 90 % lower
during drought. Differences between grasses and trees
were attributed to access to deep aquifers by the trees
and the loss of C4-dominated herbaceous vegetation
due to drought (Eamus et al. 2001). Compared to most
studies reported here, which are from more arid
savannas (also see Veenendaal et al. 2004; Williams
et al. 2007; Ardo et al. 2008; Kutsch et al. 2008;
Merbold et al. 2009; Williams et al. 2009 for African
savannas), the period when the herbaceous vegetation
maintained higher GPP rates than the trees, during the
year, was longer in our case. We attribute this to (1)
high rainfall amounts most of the year, hence soil
moisture remains relatively above the threshold that
supports high productivity; (2) the herbaceous vege-
tation was dominated by C,4 grasses, which are known
to carry out relatively high rates of photosynthesis

under high temperature and conditions that elicit
stomatal closure (Caylor et al. 2005); and (3) moderate
grazing intensity which allowed for biomass recovery,
but at the same time removing the dead aboveground
biomass (K’Otuto et al. 2013). The large decline in
daily GPPg,y (Fig. 6) compared to GPP,,, (Fig. 2) in
the herbaceous vegetation during drought is because
peak canopy assimilation rates in the herbaceous
vegetation occurred during early hours of the day,
while the rest of the day was characterized by low CO,
exchange rates (K’Otuto et al. 2013), contributing to
low cumulative GPP. This behavior, combined with
the relatively constant E. rates in the tree canopy
during the drought, makes us speculate that hydraulic
lift by the tree roots may contribute to the high
assimilation rates reported in the herbaceous vegeta-
tion during drought. The form of soil moisture
measurements conducted in this study, however, was
not adequate to confirm this. Due to the high
evaporative demand (Fig. 4b), most of the hydrauli-
cally lifted water is likely to be rapidly exhausted
during the early part of the day. We recommend
further investigations in this direction to improve our
understanding of the functioning of this savanna.

Conclusions

We made the first attempt to simultaneously assess soil
characteristics and root distribution patterns and link
them to the productivity of both the herbaceous and
woody vegetation in this humid savanna. Our results
showed strong variations in rooting patterns between
the trees and the herbaceous vegetation. Trees did not
show any influence on the soil characteristics related
to improved rainwater infiltration or storage. Soil
moisture available within the top 30-cm soil profile
accounted for most of the herbaceous vegetation GPP,
while daily tree canopy GPP and E. were independent
of soil moisture from this layer. The differences
between trees and the herbaceous vegetation in their
seasonal GPP were linked to their rooting patterns
(Fig. 1), which likely access varying moisture sources.
Apart from the low grazing intensity and C4 domi-
nance, we speculate that hydraulic lift by tree roots
may contribute to the relatively high GPPg,, observed
in the herbaceous vegetation during drought.
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