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Introduction

Abstract

During the past century, the biomass of woody species has increased in many
grassland and savanna ecosystems. As many of these species fix nitrogen symbi-
otically, they may alter not only soil nitrogen (N) conditions but also those of
phosphorus (P). We studied the N-fixing shrub Dichrostachys cinerea in a mesic
savanna in Zambia, quantifying its effects upon pools of soil N, P, and carbon
(C), and availabilities of N and P. We also evaluated whether these effects
induced feedbacks upon the growth of understory vegetation and encroaching
shrubs. Dichrostachys cinerea shrubs increased total N and P pools, as well as
resin-adsorbed N and soil extractable P in the top 10-cm soil. Shrubs and
understory grasses differed in their foliar N and P concentrations along gradi-
ents of increasing encroachment, suggesting that they obtained these nutrients
in different ways. Thus, grasses probably obtained them mainly from the sur-
face upper soil layers, whereas the shrubs may acquire N through symbiotic fix-
ation and probably obtain some of their P from deeper soil layers. The storage
of soil C increased significantly under D. cinerea and was apparently not limited
by shortages of either N or P. We conclude that the shrub D. cinerea does not
create a negative feedback loop by inducing P-limiting conditions, probably
because it can obtain P from deeper soil layers. Furthermore, C sequestration is
not limited by a shortage of N, so that mesic savanna encroached by this spe-
cies could represent a C sink for several decades.

et al. 2004; Boutton and Liao 2010; Cech et al. 2010).
However, as these species usually have a high phosphorus

During the past century, many savannas and grass-domi-
nated ecosystems around the world have been affected by
the spread of woody plants (Archer et al. 1995; Van Au-
ken 2000, 2009). Many possible drivers have been pro-
posed for this phenomenon, including changes in climate,
atmospheric CO,, herbivory, and fire regime, although
the relative importance of different factors probably varies
among ecoregions (Archer et al. 1995; Van Auken 2009;
Buitenwerf et al. 2012).

Many of the encroaching woody species fix nitrogen
(N) symbiotically (Knapp et al. 2008; Boutton and Liao
2010; Eldridge et al. 2011) and therefore have the poten-
tial to bring additional N into the ecosystem (Ludwig
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(P) requirement (Binkley et al. 2000; Vitousek et al.
2002), they may increase the availability of soil N relative
to P (Hibbard et al. 2001; Cech et al. 2008; Boutton and
Liao 2010), which in due course could produce P-limiting
conditions. This, in turn, could prevent further N fixation
(Crews 1993; Pearson and Vitousek 2001; Binkley et al.
2003; Isaac et al. 2011) and restrict the growth of under-
story vegetation (Riginos et al. 2009; Van Auken 2009;
Sitters et al. 2013). However, such a negative feedback
caused by N fixation is not inevitable, and some field
studies have found that N-fixing woody species — espe-
cially those with a high canopy — actually increase P pools
in the top soil (e.g., Geesing et al. 2000; Ludwig et al.
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2004; Blaser et al. 2013; Sitters et al. 2013). The source of
this additional P is unknown; it could potentially come
from deeper soil layers, either taken up by deep roots or
transported to the upper soil by hydraulic lift (Scholes
and Archer 1997; Ludwig et al. 2004; McCulley et al.
2004; Sitters et al. 2013), or it could be taken up from
the surface soil through widely spreading lateral roots
(Belsky et al. 1989; Scholes and Archer 1997). In addition,
many leguminous plants have a high root phosphatase
activity, which may give them an advantage over other
plants in acquiring soil P present in an organic form
(Houlton et al. 2008; Olde Venterink 2011).

While great efforts have gone into understanding con-
sequences of woody encroachment in North American
grassland ecosystems, much less is known about African
savanna grasslands (Table 1). However, simulations for
Africa semi-arid and mesic savannas predict that woody
C; plants will have an increasing competitive advantage
over C, grasses as atmospheric CO, concentrations
increase (Bond et al. 2003). The widespread replacement
of grasses by woody plants could have potentially impor-
tant effects upon both the structure of the vegetation and
its above-ground net primary production (ANPP; Knapp
et al. 2008; Barger et al. 2011). Apart from light and
water availability, ANPP depends also on the availability
of the growth-limiting nutrients N and P (Schimel et al.
1996; Cech et al. 2008). If the growth of N-fixing shrubs
is affected by a negative feedback due to declining P avail-
ability, then their dominance might be of short duration;
however, if encroaching N-fixing shrubs do not induce a
negative feedback, they might remain abundant, which
could have profound consequences for savanna ecosys-
tems. One potentially beneficial effect could be that the
tree-dominated ecosystems continue to sequester C and
act as a buffer for increased atmospheric CO, levels.
Indeed, as grasslands and savanna ecosystems account for
30-35% of the global terrestrial net primary production
(Field et al. 1998), an increase in C input through shrub
encroachment and subsequent changes in C storage could
have global implications for the earth—atmosphere system
(Knapp et al. 2008).

Here, we present a study of the effects of woody
encroachment on soil nutrient availabilities and carbon
sequestration, as well as potential feedbacks upon
encroaching shrubs. The work was conducted in a mesic
savanna habitat in Zambia that was encroached to varying
degrees by the leguminous thorny shrub Dichrostachys cine-
rea (Fig. 1). This species is widely distributed in subtropical
and tropical Africa and can be found in Arabia, tropical
Asia, America, and Australia (PROTEA 2014). It is an
important woody encroacher in many African savannas
(Lock 1993; Roques et al. 2001; Moleele et al. 2002; Tobler
et al. 2003; Hagenah et al. 2009; Eldridge et al. 2011). In
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the Kafue Flats, the species only began to spread about

30 years ago (Blaser 2013), and the pre-encroachment con-

ditions have been described in detail (Douthwaite and Van

Lavieren 1977; Ellenbroek 1987).

The main aim of the study was to quantify the effects
of woody encroachment on soil N, P, and C pools, and
availabilities of N and P to D. cinerea shrubs and to the
understory vegetation. Based upon known effects of legu-
minous shrubs in other savanna ecosystems, we developed
the following working hypotheses concerning changes in
soil conditions along gradients of increasing shrub age
and cover:

1 N and P pools correlate positively with the age and cover
of D. cinerea in sample plots (cf. Blaser et al. 2013);

2 Soil C pools also correlate positively with shrub age
and cover;

3 Additional soil N is derived largely from atmospheric
N fixation, with the consequence that 0N correlates
negatively with shrub age and cover;

4 Additional soil C is derived from D. cinerea, with the
consequence that 0"°C concentrations correlate nega-
tively with shrub age and cover (reflecting the fact that
D. cinerea has a C; metabolism while savanna grasses
are C, plants);

5 Additional soil P comes from the surrounding surface
soil, with the consequence that soil P pools in sur-
rounding grasslands correlate negatively with shrub
age;

6 Like some other leguminous species, D. cinerea shrubs
have a higher root phosphatase activity than the com-
peting plants (cf. Houlton et al. 2008; Olde Venterink
2011);

7 Because D. cinerea shrubs increase soil P pools, there is
no negative feedback of encroachment upon N-fixing
activity. As a consequence, foliar N/P ratios and N fixa-
tion rates do not change significantly along gradients of
shrub age and cover.

Materials and Methods

Study site and selected shrub cover and age
gradients

The study was conducted in the Lochinvar National Park
(LNP, ~410 km?) in Central Zambia (15°52'S, 27°14'E),
which is located within a vast floodplain ecosystem
known as the Kafue Flats. The park is a former cattle
ranch in which larger carnivores were systematically exter-
minated in the first part of the 20th century, but wild
herbivores were protected. By far the most abundant of
these is the endemic Kafue lechwe, Kobus leche kafuensis
Gray 1850 (Ellenbroek 1987). Annual precipitation is
753 mm (2000-2011 mean) and is highly seasonal, with
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Table 1. A survey of studies reporting C, N, and P accretion rates in the topsoil after woody encroachment.

Mean annual Stand Soil
precipitation’  Encroaching  age depth C accretion N accretion P accretion
Region (mm-year™")  species (years) (cm) (g@m~2year ") (gm2year") (g-m %year™") Reference
N,-fixing shrubs
Texas, USA 230 Prosopis 40 0-100 17 1.2 — Jackson et al.
glandulosa (2002)
Arizona, USA 370 Prosopis ~100 0-20 10 - Throop and
velutina Archer (2008)
Arizona, USA 330-430 P. velutina ~100 0-20 6-12 0.6-1.3 - Wheeler et al.
(2007)
Texas, USA 660 P. glandulosa 30 0-100 -25 -33 - Jackson et al.
(2002)
Texas, USA 715 P.glandulosa  0-130 0-15 - 0.8-1.1 - Boutton et al.
(2010)
Texas, USA 645-850 P. glandulosa  50-120 0-20 4-9 0.9-2.2 0.003-0.007 Geesing et al.
(2000)
Texas, USA 710 Acacia 5-50 0-10 239 - Bush (2008)
farnesiana
Texas, USA 716 P.glandulosa  14-86 0-15 16 — Creamer et al.
(2011)
Texas, USA 716 P.glandulosa  10-130 0-15 10-30 1-3 - Liao et al. (2006)
Texas, USA 720 P. glandulosa 0-20 12-22 1.9-2.7 — Archer et al.
(2001, 2004)
Texas, USA 720 P.glandulosa  50-77 0-10 8-23 0.9-2.0 — Hibbard
et al.(2001)
Zambia, Africa 753 D. cinerea 7-30 0-10 12-16 1.3-2.0 n.s.? This study
Texas, USA 840 P. glandulosa  75-100 0-100 —-61-82 -3.8-57 — Jackson et al.
(2002)
Washington, 888 Cytisus 10-15 0-10 15-23 1.8-2.8 — Haubensak and
USA scoparius Parker (2004)
Iberian 700-1250 Cytisus 19 0-15 42 6.6 - Montane et al.
peninsula balansae (2007)
Nonfixing shrubs
Texas, USA 277 Larrea >50 0-100 4 -0.3 — Jackson et al.
tridentate (2002)
Texas, USA 322 Atriplex >50 0-100 26 -58 — Jackson et al.
canescens (2002)
Utah, USA 360 Artemisia 0-400 0-10 30 1 - Neff et al. (2009)
tridentata
North Dakota, 400 Several 17-42 0-15 18 1.7 - Springsteen et al.
USA shrub (2010)
species’
Texas, USA 835 Juniperus 35-75 0-10 3-16 0.2-1.2 - McKinley and
virginiana Blair (2008)
Iberian 700-1250 Juniperus 32 0-15 28 2.8 - Montane et al.
peninsula comunis (2007)
Texas, USA 1070 Juniperus 40 0-100 -81 -6 - Jackson et al.
spp. (2002)
"Amelanchier alnifolia, Shepherdia argentea, Rhamnus cathartica, Symphoricarpos occidentalis.
2With nonsignificant P accretion in time.
almost all rain falling in the wet season (November— regime: seasonally inundated floodplain grasslands, the
April). The mean annual temperature is 20.6°C (Ellenb- termitaria zone above the high flood line, and woodlands
roek 1987; Mumba and Thompson 2005). (Ellenbroek 1987). In the past 30 years, the termitaria
The vegetation of the area can be divided into three and floodplain grasslands of LNP have experienced a sig-
main zones, which are strongly related to the flooding nificant increase in woodland and shrub cover — by the
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Figure 1. Inflorescence of the study species Dichrostachys cinerea.

exotic Mimosa pigra in relatively wet zones of the flood-
plain and by the native D. cinerea and several native Aca-
cia species in drier areas (Chabwela and Mumba 1998;
Mumba and Thompson 2005; Genet 2007; Blaser 2013).
These changes may be related, at least in part, to the con-
struction of two dams in the Kafue River, which signifi-
cantly altered the hydrological regime of the Kafue Flats
from about 1980 onward (Blaser 2013).

In the area encroached by D. cinerea, we selected 20
sites (10 x 10 m) representing a cover gradient from
open grassland (0% cover) to dense thicket (100% cover,
corresponding to 3600 shrubs ha™'). We also selected 20
sites along a gradient of shrub age ranging from seven to
30 years (see below for method of determining age). Each
site along the age gradient consisted of two paired plots,
one located under an isolated shrub and the other a refer-
ence plot located in grassland 7 m away from the D. cine-
rea stem. Many other studies have used cover as a
surrogate for age; however, we chose to study the two
variables separately, because cover can be affected by
other site factors such as soil nutrient availability. All sites
along both gradients had similar soil and hydrological
conditions. There was no obvious spatial pattern in age
and cover of D. cinerea, and no other woody species were
present.

Determination of shrub age

At the end of the study, all shrubs along the age gradient
were cut, and sample disks were taken at approximately
10 cm above ground in early April 2011. Slices were dried
and polished on a belt sander with four grades of grit, to a
high standard of clarity. We measured the basal diameter of
the slices and examined them under a light microscope.
D. cinerea does not have well-defined annual rings. How-
ever, for Acacia species growing in climatic zones with a
single wet season, the number of parenchyma bands has
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Age (yr)

Diameter (cm)

Figure 2. Linear relationship between Dichrostachys cinerea tree age,
based on number of tree rings, and basal diameter, in a mesic
savanna in Zambia.

been shown to approximate the age of the tree (Gourlay
and Kanowski 1991). According to Neumann et al. (2001),
the anatomy of D. cinerea wood is similar and can hence be
included in the Acacia type. We therefore counted the
number of continuous marginal parenchyma bands in our
samples and treated this number as the shrub age. Linear
regressions showed that the age of each shrub was positively
related to the basal diameter (Fig. 2).

In each plot along the cover gradient, we measured the
basal diameter of the thickest shrub at 10 cm above
ground (assuming that this was the oldest individual) and
estimated its age based on the relationship in Figure 2.

Soil nutrient pools and availabilities

Surface soils of all sites (5.0 cm diameter cores, top 10-
cm soil) were sampled during two periods in the early
and mid-growing season (December 2010 and February
2011). We only sampled the topsoil layer as this layer is
highly influenced by plant growth, and nutrients that are
considered most limiting to plant growth are strongly
cycled in this layer (Jobbagy and Jackson 2001). Along
the cover gradients, we collected three soil samples at 2 m
from the center of each plot. Along the age gradient, we
sampled three cores 20 cm away from the D. cinerea
stem, as well as three cores 1 m away from a central
point in the paired open site. The three cores per plot or
subplot were pooled, and root fragments were removed
by hand. Samples were weighed to calculate bulk density,
and a subsample was dried to constant weight to
determine water content. The dried soil samples were
then ground and sieved through a 0.5-mm sieve. Total C
and N concentrations were determined using a dry com-
bustion analyzer (CN-2000; LECO Corp., St Joseph, MN).
Total P concentrations were measured colorimetrically

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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after Kjeldahl digestion using an auto-analyzer (AutoAna-
lyzer 3HR; Seal Analytical, Hampshire, U.K.). To calculate
soil nutrient pool (volumetric measure) for each site, we
multiplied values of soil bulk density with nutrient con-
centrations (gravimetric measure). The 6C and 6PN
values of soil were determined for all plots using a Carlo-
Erba elemental analyzer (NCS-2500, Carlo Erba) coupled
in continuous flow to an isotope ratio mass spectrometer
(Optima, Micro-Mass).

Assuming complete and unbiased mixing in the soil,
we used the 0'°C values of soils and the mean (end mem-
ber) 6"°C values for the foliage of D. cinerea (Cs) and
grass (C,) species present at our sites to estimate the rela-
tive proportion of soil organic matter derived from C,
and C; photosynthetic pathway sources with an isotopic
mixing model:

Fos — 6" Cyoil — 6" Ccs
c4 OBCey — 0°Cey |

where FC, is the carbon fraction derived from C, sources,
8" Cyoi is the measured 6"°C of the soil sample, 6"°Cg, is
the mean 6°C of C, sources, and 6°Cc; is the mean
8C of C; sources (Balesdent and Mariotti 1996). To
estimate the 6'°C value of the end members for grass and
shrub foliage, foliar samples were collected along the
cover gradient (see foliar nutrient contents for methods).
The mean 6°C of grasses (C;) was —14.6 + 0.3 %,
(n = 20), whereas organic matter from D. cinerea (Cs)
had a 6"°C value of —27.4 + 0.1 %, (n = 19).

In December 2010 and in February 2011, we mea-
sured N and P release rates in the soil at all sites using
ion-exchange resin (IER) bags. The 5 x 5 cm bags were
made of a fine nylon fabric (60 ,umol~1_1 mesh width,
Sefar Nitex 03- 60/35, Sefar AG, Thal, Switzerland) and
contained 2 =+ 0.002 g mixed-bed ion-exchange resin
(Amberlite IRN 150, H*- and OH -form, Sigma-
Aldrich, Switzerland). To saturate exchange sites with
K" and Cl™ ions before use, the bags were shaken for
2h in 2 moll™' KCI and thoroughly rinsed with dis-
tilled water.

In the field, each bag was inserted in the soil at 5 cm
depth in a 45% slant incision made with a knife and
closed carefully thereafter. Four bags were set out at each
site. Along the cover gradient, bags were placed 2 m
from the center of each plot, along the age gradient 1 m
away from the center of the plot in open sites and
20 cm away from the stem of the isolated D. cinerea
shrubs. The bags set out in December were removed
after 50 days, while those set out in February were
removed after 28 days. On removal, all bags were cleaned
with distilled water, dried, and stored in zip-bags until
extraction. Resin bags were extracted for 1 h in 30 mL

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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1 mol1™" KCI solution. The extraction solution was then
analyzed colorimetrically for PO,’~, NO;~, and NH,"
using a continuous flow analyzer (AutoAnalyzer 3HR;
Seal Analytical). Mean daily N and P adsorption rates
were calculated per site.

To estimate net N mineralization and the inorganic
P pool, we collected three pairs of soil cores per plot
along the D. cinerea cover and age gradients (5.0-cm
diameter cores, top 10-cm soil) in February 2011. One
core of each pair was taken for extraction and drying,
while the other was incubated to measure nitrogen
mineralization. In situ incubations were not possible
because of high risk of flooding at some sites. The
tubes containing the cores were therefore closed with
plastic lids and incubated for 28 days in soil of an ex
situ termitaria plot; holes in the tubes above the soil
enabled gas exchange with the air. Inorganic N pool
(NH4" and NO;™) was determined by extracting a fresh
equivalent of 5 g dry soil with 50 mL of 0.2 moll™'
KCl for 1 h. The inorganic P pool was determined by
extracting a fresh equivalent of 5 g dry soil with 50 mL
Bray-II extraction solution for 1 h (Bray and Kurtz
1945). All extractions were performed within 12 h of
collection of the soil cores, and extracts were stored
frozen until further analysis. Concentrations of NH,",
NO; -, and PO,’” in the extracts were measured colori-
metrically using a continuous flow injection analyzer
(AutoAnalyzer 3HR; Seal Analytical). Soil pH was deter-
mined in the KCl extracts. Net N mineralization was
calculated as the difference between extractable N at the
start and at the end of the incubation period (OIff
et al. 1994).

Foliar nutrient contents and plant traits

Nutrient concentrations as well as 6'°C and 6'°N values
in D. cinerea biomass and the above-ground grass bio-
mass were determined along the D. cinerea cover gradient
in the 2011-2012 growing season. To avoid possible sam-
pling bias, we collected 10 fully expanded D. cinerea
leaves from several heights in the canopy. We clipped the
herbaceous biomass in a 50 x 50 cm square at ground
level. Herbs and dead grass biomass was removed, and
biomass samples were dried until constant weight. Dry
samples were ground to powder, after Kjeldahl digestion
analyzed for total N and P contents by means of a contin-
uous flow injection analyzer (AutoAnalyzer 3HR; Seal
Analytical). 6"°C and 6"°N values were determined as
described above for soil samples.

We used the '"N natural abundance method to esti-
mate the activity of symbiotic N, fixation of D. cinerea.
The percentage of N derived from the atmosphere (NdfA)
was estimated following Amarger et al. (1979):
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515Nref - 515Nleg

NdfA =
f O"N,ef — B

where 515Nleg is the measured '°N abundance in the N,-
fixing legume species, 5"®N,.¢ is the mean 6N value
measured in non-N,-fixing reference species growing in
the same location, and B is the abundance of "N in a
legume individual that obtains all its nitrogen from N,
fixation. As our sites had been chosen to contain no
woody species other than D. cinerea, the leaf material for
these analyses (leaves of D. cinerea as well as those of
other leguminous and nonleguminous reference trees or
shrubs) was collected from other sites in the same general
habitat, where D. cinerea co-occurred with other woody
species of similar size. The samples were collected in
March 2011. D. cinerea had significant lower foliar 6'°N
values than the most common nonfixing reference species
Combretum imberbe (pairwise t-test, t+ = —7.582, df = 3,
P =0.005) and Diospyros senensis (pairwise f-test,
t=—6.915, df =4, P =0.002), which is the essential
basis for determining N fixation by the natural abundance
method (Boddey et al. 2001). We used the mean value of
both reference species (4.85 £ 0.519,,) to calculate NdfA
for D. cinerea. The parameter B was set to the lowest
detected 6"°N value of a legume (—0.0269 %, in D. cine-
rea), following Hansen and Vinther (2001) and Cech
et al. (2010).

In March 2011, we measured the root phosphomonoes-
terase (PME) activity of D. cinerea and 10 other plant
species that commonly occur with D. cinerea — four
legumes (Acacia nilotica, Cassia mimosoides, Crotalaria sp.,
Sesbania sp.), four grasses (Dichanthium insculptum, Digi-
taria milanjiana, Panicum novemnerve, Sporobolus iocla-
dos), and two forbs (Epaltes alata, Hygrophila auriculata).
The root samples were collected in 10 sites containing
small D. cinerea shrubs (~5 years old) and located in the
same general study area as the plots used in the main
study. Small shrubs were chosen for practical reasons but
were assumed to show similar differences in phosphatase
activity than more mature individuals because phospha-
tase activity is tightly controlled by biologic demand of P
(Allison et al. 2007; Olde Venterink 2011; Brooks et al.
2013) and we are not aware of possible effects of plant
age (young vs. mature) for this enzyme activity. To collect
roots, we carefully dug a hole around targeted plant and
removed plants and roots together with a block of soil,
which was removed by gentle shaking. Plants were then
placed in water and transported to our field laboratory,
where roots were washed gently to remove remaining soil.
For D. cinerea, holes were dug ca. 1 m deep to obtain fine
root material from different soil depths. Tap roots could
not be followed to the end as they all reached deeper than
I m. Within 12 h after sampling, three analytical
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replicates of cleaned root pieces (100 mg) were incubated
in reaction tubes with 5 mL of a 5 mmol-1™" p-nitrophe-
nyl phosphate (pNPP) solution buffered at pH 6 (Tabata-
bai and Bremner 1969; Olde Venterink 2011). After 1 h
of shaking at room temperature, the reaction was stopped
by adding 0.5 mL of each test solution to 6.5 mL of 2 N
NaOH. The absorbance of the solution was measured at
410 nm using a spectrophotometer (HACH, Loveland,
CO) and converted into the amount of p-nitrophenol
(pNP) released from the substrate. Phosphomonoesterase
activity was then expressed as umol p-nitrophenol pro-
duced per g fresh root mass and hour and hence as umol
PNPP cleaved.

Calculations and statistical analysis

All plant and soil variables along the gradients were ana-
lyzed using linear regression with shrub cover and shrub
age as the independent variable. For analyzing the age
gradient data, we used both the absolute values around
the shrubs, and also relative values represented by the dif-
ference between encroached site (20 cm around the shrub
trunk) and the paired open reference site (referred to here
as the “shrub effect”). In calculations using total C, N,
and P pools, we used the mean values of both measure-
ment periods (December 2010 and February 2011).

One of the IER bags yielded an exceptionally high value
for resin-adsorbed P (>mean + X-STD), and this was
omitted in calculating the mean site value. We also
excluded this site from the extractable P regression analy-
sis as the data were unusually high, probably due to dung
or urine deposition from herbivore. Another site was
completely omitted from the analyses, as a hippopotamus
died and decomposed there during our study, and hence,
the measured soil variable could no longer be ascribed to
the effect of the tree.

Comparisons between species for PME activity were
computed using one-way analysis of variance (ANOVA).
Differences in N fixation of D. cinerea compared with
nonfixing reference plants were analyzed using paired t-
tests. When necessary, data were log-transformed to fulfill
assumptions of normality and homogeneity of variance.
All statistical analyses were conducted using R version
2.10.1 (R Core Team 2012).

Results

Soil nutrient pools and availabilities

The total soil N pool increased significantly along the
cover gradient, with the regression line rising from
47.8 g¢m ? in the absence of D. cinerea to 98.2 g-m * at

a cover of 100% (Fig. 3A; Table 2). In contrast, the N

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 3. Soil N, P, and C pools, N adsorption to resin, and soil extractable P along gradients of Dichrostachys cinerea shrub cover or age in a
mesic savanna in Zambia. Data points in the first two columns of graphs (cover gradient and age gradient) represent absolute amounts. In the
age gradient: solid symbols are sites under the shrub canopy, open symbols are the paired reference sites outside the canopy. Data points in the
third column (shrub effect) represent the difference in soil variables of encroached sites from the age gradient compared with adjacent reference
sites. Soil samples were taken from the top 10-cm soil in December 2010, except for soil extractable P in February 2011. Solid lines represent
significant linear regressions (P < 0.05), and dotted lines represent a marginal significant trend (0.05 < P < 0.1). R? values and significance levels
are displayed in Table 2.
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Table 2. Results of linear regressions (R? values and significance levels) for several foliar and soil variables in top 10-cm soils against gradients of
Dichrostachys cinerea shrub cover or age. The “shrub effect” represents the difference in soil variables of encroached sites compared with adja-
cent reference plots. If two values are shown, the first is for the December 2010, and the second for the February 2011 measurement period. For
total C, N, and P as well as total nutrient ratios, mean values of the December 2010 and February 2011 measurements were used. Sample size
was n = 20 for all variables apart for adsorbed N and P along the age gradient n = 16-20 and for total P and extractable P along the age

gradient n = 19.

Age gradient

Absolute values

Soil variables Cover gradient Encroached Reference plots Shrub effect
Total N (g-m~2) 0.44%% n.s. 0.16" 0.26%
Extractable N (g-m~2) n.s. n.s. n.s. n.s.
Adsorbed N (mg-g~"-day™") 0.30%/0.33** 0.27* ns. ns.
Net. N min. (g-m~%.day™") 0.30%" 0.46%" 0.18" 0.46*
8N (%) n.s. ns. ns. ns.
Total P (g-m~?) 0.24* n.s. n.s. n.s.
Extractable P (g~m’2) 0.26* 0.21f n.s. 0.25%
Adsorbed P (mg-g~"-day™") n.s./n.s. 0.17* ns. ns.
Total C (kg-m~2) 0.40%* ns. 0.187 0.17*
8"3C (%) 0.66%%+* 0.56%%* ns. 0.72%5%
Total N:P n.s. n.s. n.s. 0.15"
Extractable N:P ns. n.s. n.s. ns.
Adsorbed N:P n.s./n.s. n.s. ns. n.s.
Total C:N n.s. 0.15" n.s. n.s.
Total C:P n.s. ns. n.s. n.s.
pH n.s./n.s. n.s./n.s. n.s./0.20* n.s./0.29*
Moisture (%) n.s./ns. n.s./n.s. n.s./n.s. n.s./ns.
Bulk density (g-cm~3) n.s. 0.21%* ns. 0.20"
Foliar variables

D. cinerea N (mg-g~") 0.50%: - - -

D. cinerea P (mg-g~") 0.56%* - - -

D. cinerea N:P 0.53%x - - -

D. cinerea 6"°N (%) 0.40%* - - -

D. cinerea Ndfa (%) 0.40%* - - -

Alive grass N (mg-g~") 0.24%* - - -

Alive grass P (mg-g~") 0.47%* - - -

Alive grass N:P 0.34%** - - -

Alive grass 8"°N (%,) 0.38*" - - -

n.s., nonsignificant results.
TP < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001.
'Quadratic regression.

pool was not significantly related to shrub age (Fig. 3B;
Table 2). However, the “shrub effect” (i.e., the difference
in soil N pool beneath a tree and in adjacent grassland;
Fig. 3C) did increase along the age gradient, yielding an
average accretion rate of 1.6 (1.3-2.0) g-N-m ™ *year . In
the nonencroached reference sites along the age gradient,
total N pools tended to decrease along the age gradient,
through the result was only marginally significant
(Fig. 3B). Resin-adsorbed N increased significantly with
shrub cover and age, but there was no significant age
effect when comparing encroached with adjacent grass-
land sites (Figs. 2D, 3D-F). Net N mineralization showed
a quadratic relationship with shrub cover and age, with
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rates being lowest at intermediate values (Table 2). We
found no significant patterns for extractable N and §'°N
values along either gradient (Table 2).

Total P and extractable P pools increased along the
shrub cover gradient (Fig. 3G and J). There was also a
significant positive effect of age upon extractable P
beneath shrubs relative to that in reference plots (i.e.,
shrub effect; Fig. 3L). P adsorption to resin marginally
increased along the age gradient, but not along the shrub
cover gradient (data not shown, Table 2).

The total soil C pool increased significantly with cover
but not age (Fig. 3M and N). However, the shrub effect
data (i.e., the difference between encroached with

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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reference sites) did show a marginally significant increase
with age, which was equivalent to an accretion rate of 14
(12-16) g~C-m*2-year71 (Fig. 30). In the nonencroached
reference sites along the age gradient, total C pools tended
to decrease with age (Fig. 3N). 6'°C values decreased with
both cover and age (Fig. 4A—C, Table 2) and showed that
the proportion of C derived from Cs plant increased with
shrub age in the encroached but not in the adjacent refer-
ence sites (Fig. 4B). Based upon the isotopic mixing
model, we calculated that the proportion of soil C derived
from Cs; plants was <42% under dense D. cinerea and
<50% under 30-year-old shrubs.

The N/P ratio for soil pools increased with shrub age,
and the equivalent C/N ratio decreased with shrub cover,
both trends being marginally significant (data not shown,
Table 2). None of the other ratios (N/P, C/P and C/N)
showed any significant patterns along either gradient
(data not shown, Table 2).

Soil bulk density did not vary significantly with shrub
cover, but decreased with age, leading to significantly lar-
ger differences between encroached and reference plots
with increasing age (data not shown, Table 2). Plots did
not differ in soil moisture. Soil pH did not vary with
cover and age for plots around trees. However, pH in

Soil feedback loops of shrub encroachment

adjacent grassland plots increased in one measurement
period, leading to larger (negative) differences between
encroached and reference plots with increasing age
(Table 2). We found no relationships between pH and
total and extractable P pools (data not shown).

Overall, our results confirmed that in this study system
a cover gradient accurately reflects dynamics along an age
gradient. Linear regression showed that higher cover was
positively related to age (R* = 0.42, P = 0.002).

Foliar nutrients and '°N values of
D. cinerea and understory grass biomass

N and P concentrations and N/P ratios of D. cinerea foli-
age showed quadratic relationships with shrub cover, with
N and P values being lowest and N/P ratios peaking at
intermediate shrub cover (Fig. 5A—C, Table 2). Foliar N
and P concentrations in understory grass biomass (living
material) increased significantly along the shrub cover
gradient, while the N/P ratio decreased (Fig. 5D-F,
Table 2).

Foliar 8'°N values increased and NdfA of D. cinerea
shrubs decreased along the cover gradient (Fig. 6A and
B). Changes in NdfA were unrelated to changes in soil

Cover gradient Age gradient Shrub effect
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Figure 4. Soil 6"C and 6'°N values along gradients of Dichrostachys cinerea shrub cover or age in a mesic savanna in Zambia. Data points in the
first two columns of graphs (cover gradient and age gradient) represent absolute amounts. In the age gradient, solid symbols are sites under the
shrub canopy, and open symbols are the paired reference sites outside the canopy. Data points in the third column (shrub effect) represent the
difference in soil variables of encroached sites from the age gradient compared with adjacent reference sites. Soil samples were taken from the
top 10-cm soil in December 2010. Solid lines represent significant linear regressions (P < 0.05). R? values and significance levels are displayed in

Table 2.
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pH (data not shown). Foliar §'"°N values of the under- Hygrophila auriculata and Dicanthium insculptum, which
story grasses followed a quadratic relationship with were lower (Fig. 7).

lowest values occurring at intermediate shrub cover

(Fig. 6C) Discussion

Root phosphomonoesterase (PME) activity Increases in soil N and P pools under the

As a group, the legumes had significantly higher PME encroaching shrubs

activity than either grasses or forbs (ANOVA, P < 0.001, Encroachment of the N-fixing shrub D. cinerea in our
F = 36.4). However, in comparisons among individual Zambian mesic savanna increased topsoil pools of both N
species, PME activity of D. cinerea did not differ and P. This finding is consistent with results from other
significantly from the values for any other species except African savanna ecosystems, where sites encroached by
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individual trees have been compared with open grassland
(Ludwig et al. 2004; Hagos and Smit 2005). The differ-
ence in soil N pools between paired sites with and with-
out D. cinerea increased with shrub age, indicating that
the net nutrient accumulation was induced by the
encroaching shrub species (Fig. 3). Furthermore, the rates
of nutrient accretion (1.3-2.0 ¢N-m “-year ') corre-
spond well with those reported elsewhere, although these
are only available for a few species, mainly from sites in
the USA (Table 1). The finding that P accumulates in the
topsoil along our gradients is consistent with similar stud-
ies of N-fixing woody species in other African savannas
(Ludwig et al. 2004; Sitters et al. 2013). Thus, our study
contributes to a growing body of evidence that N-fixing
woody plants might obtain P from sources not available
to grasses. Despite having a higher P requirement than
grasses (Binkley et al. 2000; Vitousek et al. 2002), there-
fore, they may not suffer from P limitation induced by
their own growth (i.e., there is no negative feedback).

In a recent meta-analysis, Blaser et al. (2013) showed
that N-fixing woody plants increase soil N more than
other woody plants. In this study, the increase in soil N
under D. cinerea is probably due to shrubs producing
more biomass than competing grasses and to their capac-
ity to fix N. Although we did not measure litter produc-
tion, foliage production by D. cinerea was almost three
times higher than that of grasses (658 + 117 g-m™ > mean

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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of six 14- to 20-year-old D. cinerea trees vs.
237.6 + 50 g-m* for similar-sized grassland plots, Blaser
2013). Furthermore, the fact that roots of seedlings and
young shrubs contained nodules, while foliar §'°N values
were significantly lower than for nonfixing shrubs, are
clear indications that the trees were fixing atmospheric
N,. On the other hand, soil §!°N values did not decrease
along the gradient as would be expected if the source of
the increase in soil N pools was N fixation (Fig. 4, Bout-
ton and Liao 2010). However, this effect might have been
neutralized by other processes affecting the '°N concen-
tration, such as N pumping from deeper soil layers and
isotope fractionation during litter decomposition (Hobbie
and Ouimette 2009; Boutton and Liao 2010) and denitri-
fication (Robinson 2001; Garten et al. 2008). As our sites
were inundated for several weeks each year, denitrification
may have been a significant process, with higher rates
under denser stands of D. cinerea where N concentrations
and probably nitrate were higher (Fig. 3D and M; David-
son and Swank 1986; Olde Venterink et al. 2002; Seitzin-
ger 1994).

Contrary to our initial hypothesis, the increases in both
total P and extractable P in the topsoil of encroached areas
were probably not due to lateral transport in widely spread-
ing roots, as we found no evidence of depletion of either
total or extractable P in the nonencroached reference sites
(Fig. 3H and K). This conclusion is consistent with results
obtained along a gradient of increasing Acacia zanzibarica
density in moist savanna in Tanzania, where trees were also
not found to deplete extractable P pools in topsoil beyond
the canopy (Sitters et al. 2013). An alternative explanation
could be a higher root phosphatase activity of this legumi-
nous species compared with other plants (Houlton et al.
2008; Olde Venterink 2011). However, despite generally
higher levels of PME activity in leguminous species, the dif-
ferences between D. cinerea and other species were mainly
not significant (Fig. 7). It is also unlikely that N fixation
increased P availability by acidifying the rhizosphere, as we
found no increase in pH along the gradients and no rela-
tionship between pH and soil P concentration. This leads
us to conclude that the increases in both total P and
extractable P were mainly due to D. cinerea having deeper
roots than the competing grasses (pers. observation, Us
Forest Service 2013), enabling shrubs to take up P from
lower soil layers. Any additional P acquired in this way is
initially incorporated into plant tissues, but becomes avail-
able in the topsoil as litter falls to the ground and decom-
poses (Marsh et al. 2000; Jobbagy and Jackson 2001;
Jackson et al. 2002; McCulley et al. 2004). To test this
hypothesis, future studies should sample soils in deeper lay-
ers and obtain more detailed measurements on rooting
depth of D. cinerea.
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In the nonencroached reference sites, total N and C
pools tended to decrease along the age gradient (Fig. 3B
and N). One reason for these unexpected effects, albeit
only marginally significant, could be that shrubs were in
some way altering soil conditions at a distance. However,
this seems unlikely, given that we observed no lateral
accumulation of P (see above), while N and C contents
in soil of open sites were highly correlated which indi-
cates that the N originated from organic matter. A second
possibility is that the temporal spread of shrubs was con-
founded with a spatial pattern in soil conditions, with
more recently colonized sites containing more organic
matter. This pattern could have reflected small differences
in topography, with the soil in moister depressions having
a higher organic content (Gregorich et al. 1998), although
we have no data to test this possibility. Such a confound-
ing pattern could explain why we found no absolute
increase in soil nutrients with age, as has been reported
in other studies (e.g., Geesing et al. 2000; Ludwig et al.
2004; Throop and Archer 2008). Not finding enhanced
total C pools in encroached plots along the age gradient
could be related to the fact that our shrubs were still rela-
tively young (cf. other studies in Table 1) and effects
along the gradient might have been too small to over-
come initial differences in soil C pools among sites. This
would also explain why the observed replacement of
grass-derived C with shrub-derived C with increasing
encroachment age (Fig. 4B) was not translated in a
detectable enhanced total C pool (Fig. 3N). However,
because we used a paired plot approach, we are confident
that possible heterogeneities in site conditions do not
affect our main conclusions.

Plant soil feedback

Two important results emerge from the foliar analyses of
shrubs and grasses. First, the analyses of D. cinerea show
highly significant unimodal patterns in N and P concen-
trations, which are lowest at intermediate shrub cover,
while the N/P ratio peaks at intermediate cover (Fig. 5A—
C). These patterns suggest a negative feedback at interme-
diate shrub cover and a positive feedback when shrubs
reach a certain density or age (because denser plots often
contained older trees, age and cover are positively corre-
lated; R* = 0.42 P = 0.002). Second, N and P concentra-
tions in grass samples increase along the cover gradient
(Fig. 5D and E), suggesting that shrubs in some way
improve nutrient availabilities for understory plants. To
explain these patterns, we suggest that a shrub colonizing
a grass-dominated site has a good P supply at first, per-
haps because it rapidly establishes a deep root system or
can utilize organic forms of P better than competing
grasses (or both, Sitters et al. 2013). With increasing
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shrub age and density, the easily accessible P fractions
gradually become depleted, which negatively affects P
uptake and consequently also N fixation (Almeida et al.
2000). As a deep root system continues to develop, how-
ever, and as litter is returned to the soil surface, the sup-
ply of organic P and N in the topsoil increases (Sitters
et al. 2013), while competition from understory grasses is
reduced through shading (Blaser 2013). Through these
processes, the P supply for shrubs improves once the
shrub cover has reached about 50%. Meanwhile, N avail-
ability also increases again. However, as foliar '°N values
indicate reduced N fixation rates in plots with a dense
shrub cover, we suppose this effect is mostly due to
increased production and accumulation of organic matter
(Fig. 6A and B). Thus, of the two main factors known to
control N fixation (Vitousek et al. 2002; Pons et al.
2007), increased soil N availability is likely to have been
more important than reduced P availability (cf. Fig. 3).
Plants in the understory also benefit from the increased
nutrient supply under high shrub cover, although their
growth becomes increasingly limited by factors such as
shortage of water or light (Blaser 2013). Moreover, the
decreasing N/P ratio in the grasses with increasing cover
indicates that N becomes relatively more limiting than P
in the denser sites (Cech et al. 2008).

Overall, we found no evidence that D. cinerea nega-
tively affects its own nutrient supply, and also no indica-
tion that encroachment is part of a cyclical process that
will eventually return the ecosystem to grassland. In the
altered hydrological conditions of the Kafue Flats, how-
ever, D. cinerea might gradually be replaced by nonfixing
trees, converting the former grasslands into woodland
communities, as has occurred in other savanna ecosys-
tems (Archer et al. 1988).

Effects on carbon sequestration

The question of how the carbon balance of an ecosystem is
affected by shrub encroachment has proved difficult to
answer, and the evidence remains controversial. Jackson
et al. (2002) found that woody encroachment in grasslands
increased soil C and N stocks in drier regions, but
decreased them in regions with mean annual precipitation
(MAP) greater than c. 500 mm‘year*1 (Table 1). However,
Barger et al. (2011) tested the robustness of the pattern
with MAP and concluded that while changes in soil C pools
with tree encroachment were inversely related to MAP,
responses to shrub encroachment were highly variable and
unrelated to MAP. This conclusion was supported by a
recent meta-analysis (Eldridge et al. 2011), which con-
firmed that effects of encroachment (by both trees and
shrubs) on soil C pools were not dependent upon rainfall.
Moreover, we found 15 studies with data from 21 different
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locations that could be used to calculate soil C accretion
rates (Table 1). In this sample, the rates ranged from
losses of —80 g-C-m *year ' to accumulations of
239 ¢:.C-m *year ' (mean 21 g-C-m *year ') and were
unrelated to MAP (Table 1). The results presented in our
study also indicate that encroachment in mesic savanna
ecosystems can be associated with positive soil C and N bal-
ances. Furthermore, we only studied the top 10-cm soil,
and C sequestration likely takes place in deeper soil layers
as well (Jackson et al. 2002), perhaps serving as a C sink for
centuries (Jobbagy and Jackson 2000).

A second, related problem concerns how the capacity
of ecosystems to sequester C may be affected by rising
concentrations of atmospheric CO,. Based upon a
meta-analysis, Van Groenigen et al. (2006) concluded that
C storage in the soil could only increase if N inputs
were to rise substantially above present levels
(<30 kg-N-ha '-year ' in the US and Europe). However,
in encroached soils, we recorded an increase of 1.3—
2.0 g¢-C-m *year ' with no external addition of N, sug-
gesting that N-fixing species such as D. cinerea have the
potential to overcome this particular constraint upon car-
bon accumulation (Hungate et al. 2003). Furthermore, P
limitation is also unlikely to become a constraint, in our
study system at least, because of the species’ ability to
mobilize P, which we assume originates from deeper soil
layers. Thus, as shrub encroachment in mesic savannas
has increased and is predicted to further increase by 70%
with CO, concentrations doubling (Bond et al. 2003), this
ecoregion might continue to act as a carbon sink for
many decades.

Conclusions

Both N and P pools in the soil increased along gradients
of shrub age and cover, suggesting that N fixation by
D. cinerea did not reduce the P supply. This in turn sug-
gests that continued growth and carbon sequestration in
this mesic savanna ecosystems are unlikely to be con-
strained by nutrient limitation. Further studies would be
needed to determine whether this finding applies for
other woody species and in other areas. However, if our
results for D. cinerea are representative for other
encroaching N-fixing trees in savannas, these ecosystems
could become substantial C sinks for several decades.

Acknowledgments

We thank B. Wishikoti, O. Mwiimbwe, M. Sinjote, C.
Nchimunya, R. Ngandu and E. Ngandu, C. “Palaman”
Mulimbika, K. Chipeka, Ph. Blaser, and A. Halbritter for
their assistance during fieldwork. B. Jahn-Humphrey, M.
Gaschen, S. Bernasconi, and V. Ringwald supported

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Soil feedback loops of shrub encroachment

laboratory analyses. Helpful comments by J. Sitters and S.
Hart significantly improved the manuscript. Research was
conducted with permission and support given by the
Zambia Wildlife Authority (ZAWA). Funding for this
study came from the Competence Center for Environ-
ment and Sustainability (CCES) at the ETH domain.

Conflict of Interest

None declared.

References

Allison, V. J., L. M. Condron, D. A. Peltzer, S. J. Richardson,
and B. L. Turner. 2007. Changes in enzyme activities and
soil microbial community composition along carbon and
nutrient gradients at the Franz Josef chronosequence, New
Zealand. Soil Biol. Biochem. 39:1770-1781.

Almeida, J. P. F., U. A. Hartwig, M. Frehner, J. Nosberger, and
A. Luscher. 2000. Evidence that P deficiency induces N
feedback regulation of symbiotic N-2 fixation in white
clover (Trifolium repens L.). J. Exp. Bot. 51:1289-1297.

Amarger, N., A. Mariotti, F. Mariotti, J. C. Durr, C.
Bourguignon, and B. Lagacherie. 1979. Estimate of
symbiotically fixed nitrogen in field-grown soybeans
using variations in '>N natural abundance. Plant Soil
52:269-280.

Archer, S., C. Scifres, C. R. Bassham, and R. Maggio. 1988.
Autogenic succession in a sub-tropical savanna — conversion
of grassland to thorn woodland. Ecol. Monogr. 58:111-127.

Archer, S., D. S. Schimel, and E. A. Holland. 1995. Mechanism
of shrubland expansion: land use, climate or CO,? Clim.
Change 29:91-99.

Archer, S., T. W. Boutton, and K. A. Hibbard. 2001. Trees in
grasslands: biogeochemical consequences of woody plant
expansion. Pp. 115-137 in E. D. Schulze, M. Heimann, S.
Harrison, E. Holland, J. Lloyd, I. Prentice and D. Schimel,
eds. Global biogeochemical cycles in the climate system.
Academic Press, San Diego, CA.

Archer, S., T. W. Boutton, and C. R. McMurtry. 2004. Carbon
and nitrogen accumulation in a savanna landscape: field and
modeling perspectives. Pp. 359-373 in M. Shiyomi, H.
Kawahata, A. Tsuda and Y. Awaya, eds. Global
environmental change in the oceans and on lands. Terra
Scientific Publishing, Tokyo.

Balesdent, J., and A. Mariotti. 1996. Measurement of soil
organic matter turnover using '°C natural abundance. Pp.
83—111 in T. W. Boutton and S. I. Yamasaki, eds. Mass
spectrometry of soils. Marcel Dekker, New York, NY.

Barger, N. N,, S. R. Archer, J. L. Campbell, C.-Y. Huang, J. A.
Morton, and A. K. Knapp. 2011. Woody plant proliferation
in North American drylands: a synthesis of impacts on
ecosystem carbon balance. J. Geophys. Res. Biogeosci. 116:
GOO0KO7.

1435



Soil feedback loops of shrub encroachment

Belsky, A. J., R. G. Amundson, J. M. Duxbury, S. J. Riha, A. R.

Ali, and S. M. Mwonga. 1989. The effects of trees on their
physical, chemical, and biological environments in a
semi-arid savanna in Kenya. J. Appl. Ecol. 26:1005-1024.

Binkley, D., C. Giardina, and M. A. Bashkin. 2000. Soil
phosphorus pools and supply under the influence of
Eucalyptus saligna and nitrogen-fixing Albizia facaltaria. For.
Ecol. Manage. 128:241-247.

Binkley, D., R. Senock, and K. Cromack. 2003. Phosphorus
limitation on nitrogen fixation by Facaltaria seedlings. For.
Ecol. Manage. 186:171-176.

Blaser, W. J. 2013. Impact of woody encroachment on
soil-plant-herbivore interactions in the Kafue Flats
floodplain ecosystem. [Ph.D. thesis], Swiss Federal Institute
of Technology, ETH Zurich, Switzerland.

Blaser, W. J., J. Sitters, S. P. Hart, P. J. Edwards, and H. Olde
Venterink. 2013. Facilitative or competitive effects of woody
plants on understory vegetation depend on N-fixation,
canopy shape and rainfall. J. Ecol. 101:1598-1603.

Boddey, R. M., J. C. Polidoro, A. S. Resende, B. J. R. Alves,
and S. Urquiaga. 2001. Use of the (15)N natural abundance
technique for the quantification of the contribution of N(2)
fixation to sugar cane and other grasses. Aust. J. Plant
Physiol. 28:889-895.

Bond, W. J., G. F. Midgley, and F. I. Woodward. 2003. The
importance of low atmospheric CO, and fire in promoting
the spread of grasslands and savannas. Glob. Change Biol.
9:973-982.

Boutton, T. W,, and J. D. Liao. 2010. Changes in soil nitrogen
storage and delta'®N with woody plant encroachment in a
subtropical savanna parkland landscape. J. Geophys. Res.
Biogeosci. 115:G03019.

Bray, R. H., and L. T. Kurtz. 1945. Determination of total,

organic and available phosphorus in soils. Soil Sci. 59:39-45.

Brooks, D. D., B. D. Twieg, S. J. Grayston, and M. D. Jones.
2013. Physical extent, frequency, and intensity of
phosphatase activity varies on soil profiles across a
Douglas-fir chronosequence. Soil Biol. Biochem. 64:1-8.

Buitenwerf, R., W. J. Bond, N. Stevens, and W. S. W.
Trollope. 2012. Increased tree densities in South African
savannas: > 50 years of data suggests CO, as a driver. Glob.
Change Biol. 18:675-684.

Bush, J. K. 2008. Soil nitrogen and carbon after twenty years
of riparian forest development. Soil Sci. Soc. Am. J. 72:815—
822.

Cech, P. G., T. Kuster, P. J. Edwards, and H. Olde Venterink.
2008. Effects of herbivory, fire and N,-fixation on nutrient
limitation in a humid African savanna. Ecosystems 11:991—
1004.

Cech, P. G, H. Olde Venterink, and P. J. Edwards. 2010. N
and P cycling in Tanzanian Humid Savanna: influence of
herbivores, fire, and N,-fixation. Ecosystems 13:1079—1096.

Chabwela, H. N. W., and W. Mumba. 1998. Case study:
Zambia. Integrating water conservation and population.

1436

W. J. Blaser et al.

strategies on the Kafue flats. Pp. 137-165 in A. de Sherbinin
and V. Dompka, eds. Water and population dynamics: case
studies and policy implications. American Association for
the Advancement of Science [AAAS], Washington, DC.

Creamer, C. A., T. R. Filley, T. W. Boutton, S. Oleynik, and I.
B. Kantola. 2011. Controls on soil carbon accumulation
during woody plant encroachment: evidence from physical
fractionation, soil respiration, and delta'®C of respired CO,.
Soil Biol. Biochem. 43:1678-1687.

Crews, T. E. 1993. Phosphorus regulation of nitrogen-fixation
in a traditional Mexican agroecosystem. Biogeochemistry
21:141-166.

Davidson, E. A., and W. T. Swank. 1986. Environmental
parameters regulating gaseous nitrogen losses from two
forested ecosystems via nitrification and denitrification.
Appl. Environ. Microbiol. 52:1287—-1292.

Douthwaite, R. J., and L. P. Van Lavieren. 1977. A description
of the vegetation of Lochinvar National Park, Zambia.
Technical Report 34. National Council for Scientific
Research, Lusaka, Zambia.

Eldridge, D. J., M. A. Bowker, F. T. Maestre, E. Roger, J. F.
Reynolds, and W. G. Whitford. 2011. Impacts of shrub
encroachment on ecosystem structure and functioning:
towards a global synthesis. Ecol. Lett. 14:709-722.

Ellenbroek, G. A. 1987. Ecology and productivity of an African
wetland system: The Kafue Flats. [Ph.D. thesis], Junk
Publisher, Zambia.

Field, C. B., M. J. Behrenfeld, J. T. Randerson, and P.
Falkowski. 1998. Primary production of the biosphere:
integrating terrestrial and oceanic components. Science
281:237-240.

Garten, C. T., P. J. Hanson, D. E. Todd, B. B. Lu, and D. J.
Brice. 2008. Natural 15N- and 13C-Abundance as Indicators
of Forest Nitrogen Status and Soil Carbon Dynamics. Pp.
61-82 in R. Michener, and K. Lajtha eds. Stable isotopes in
ecology and environmental science. Blackwell Publishing
Ltd, Oxford, U.K.

Geesing, D., P. Felker, and R. L. Bingham. 2000. Influence of
mesquite (Prosopis glandulosa) on soil nitrogen and carbon
development: implications for global carbon sequestration. J.
Arid Environ. 46:157-180.

Genet, B. S. 2007. Shrub encroachment into grassland and its
impact on Kafue Lechwe in Lochinvar National Park,
Zambia. Unpublished Master of Science (Msc), International
Institute for Geo-information Science and Earth
Observation, Enschede, the Netherlands.

Gourlay, I. D., and P. J. Kanowski. 1991. Marginal
parenchyma bands and crystalliferous chains as indicators of
age in African Acacia species. IAWA Bull. 12:187-194.

Gregorich, E. G, K. J. Greer, D. W. Anderson, and B. C.
Liang. 1998. Carbon distribution and losses: erosion and
deposition effects. Soil Tillage Res. 47:291-302.

Hagenah, N., H. Munkert, K. Gerhardt, and H. OIff. 2009.
Interacting effects of grass height and herbivores on the

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



W. J. Blaser et al.

establishment of an encroaching savanna shrub. Plant Ecol.
201:553-566.

Hagos, M. G., and G. N. Smit. 2005. Soil enrichment by
Acacia mellifera subsp detinens on nutrient poor sandy soil
in a semi-arid southern African savanna. J. Arid Environ.
61:47-59.

Hansen, J. P., and F. P. Vinther. 2001. Spatial variability of
symbiotic N, fixation in grass-white clover pastures
estimated by the '°N isotope dilution method and
the natural '>N abundance method. Plant Soil 230:
257-266.

Haubensak, K. A., and I. M. Parker. 2004. Soil changes
accompanying invasion of the exotic shrub Cytisus scoparius
in glacial outwash prairies of western Washington USA.
Plant Ecol. 175:71-79.

Hibbard, K. A., S. Archer, D. S. Schimel, and D. W. Valentine.
2001. Biogeochemical changes accompanying woody plant
encroachment in a subtropical Savanna. Ecology 82:1999—
2011.

Hobbie, E. A., and A. P. Ouimette. 2009. Controls of nitrogen
isotope patterns in soil profiles. Biogeochemistry 95:355—
371.

Houlton, B. Z., Y. P. Wang, P. M. Vitousek, and C. B. Field.
2008. A unifying framework for dinitrogen fixation in the
terrestrial biosphere. Nature 454:327-330.

Hungate, B. A., J. S. Dukes, M. R. Shaw, Y. Q. Luo, and C. B.
Field. 2003. Nitrogen and climate change. Science 302:1512—
1513.

Isaac, M. E., J.-M. Harmand, D. Lesueur, and J. Lelon. 2011.
Tree age and soil phosphorus conditions influence
N-2-fixation rates and soil N dynamics in natural
populations of Acacia senegal. For. Ecol. Manage. 261:582—
588.

Jackson, R. B., J. L. Banner, E. G. Jobbagy, W. T. Pockman,
and D. H. Wall. 2002. Ecosystem carbon loss with woody
plant invasion of grasslands. Nature 418:623-626.

Jobbagy, E. G., and R. B. Jackson. 2000. The vertical
distribution of soil organic carbon and its relation to
climate and vegetation. Ecol. Appl. 10:423-436.

Jobbagy, E. G., and R. B. Jackson. 2001. The distribution of
soil nutrients with depth: global patterns and the imprint of
plants. Biogeochemistry 53:51-77.

Knapp, A. K., J. M. Briggs, S. L. Collins, S. R. Archer, M. S.
Bret-Harte, and B. E. Ewers, et al. 2008. Shrub
encroachment in North American grasslands: shifts in
growth form dominance rapidly alters control of ecosystem
carbon inputs. Glob. Change Biol. 14:615-623.

Liao, J. D., T. W. Boutton, and J. D. Jastrow. 2006. Storage
and dynamics of carbon and nitrogen in soil physical
fractions following woody plant invasion of grassland. Soil
Biol. Biochem. 38:3184-3196.

Lock, J. M. 1993. Vegetation change in

Queen-Elizabeth-National-Park, Uganda — 1970-1988. Afr. J.

Ecol. 31:106-117.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Soil feedback loops of shrub encroachment

Ludwig, F., H. De Kroon, F. Berendse, and H. H. T. Prins.
2004. The influence of savanna trees on nutrient, water and
light availability and the understorey vegetation. Plant Ecol.
170:93-105.

Marsh, A. S., J. A. Arnone, B. T. Bormann, and J. C. Gordon.
2000. The role of Equisetum in nutrient cycling in an
Alaskan shrub wetland. J. Ecol. 88:999-1011.

McCulley, R. L., E. G. Jobbagy, W. T. Pockman, and R. B.
Jackson. 2004. Nutrient uptake as a contributing
explanation for deep rooting in arid and semi-arid
ecosystems. Oecologia 141:620-628.

McKinley, D. C., and J. M. Blair. 2008. Woody plant
encroachment by Juniperus virginiana in a mesic native
grassland promotes rapid carbon and nitrogen accrual.
Ecosystems 11:454—468.

Moleele, N. M., S. Ringrose, W. Matheson, and C. Vanderpost.
2002. More woody plants? the status of bush encroachment
in Botswana’s grazing areas. J. Environ. Manage. 64:3—11.

Montane, F., P. Rovira, and P. Casals. 2007. Shrub
encroachment into mesic mountain grasslands in the Iberian
peninsula: effects of plant quality and temperature on soil C
and N stocks. Global Biogeochem. Cycles, 21:GB4016.

Mumba, M., and J. R. Thompson. 2005. Hydrological and
ecological impacts of dams on the Kafue Flats floodplain
system, Southern Zambia. Phys. Chem. Earth 30:442—-447.

Neff, J. C., N. N. Barger, W. T. Baisden, D. P. Fernandez, and
G. P. Asner. 2009. Soil carbon storage responses to
expanding pinyon-juniper populations in southern Utah.
Ecol. Appl. 19:1405-1416.

Neumann, K., W. Schoch, P. Détienne, and F. H.
Schweingruber. 2001. Woods of the Sahara and the Sahel.
Wien, Haupt, Bern, Stuttgart.

Olde Venterink, H. 2011. Legumes have a higher root
phosphatase activity than other forbs, particularly under low
inorganic P and N supply. Plant Soil 347:137-146.

Olde Venterink, H., T. E. Davidsson, K. Kiehl, and L.
Leonardson. 2002. Impact of drying and re-wetting on N, P
and K dynamics in a wetland soil. Plant Soil 243:119-130.

Olff, H., F. Berendse, and W. Devisser. 1994. Changes in
nitrogen mineralization, tissue nutrient concentrations and
biomass compartmentation after cessation of fertilizer
application to mown grassland. J. Ecol. 82:611-620.

Pearson, H. L., and P. M. Vitousek. 2001. Stand dynamics,
nitrogen accumulation, and symbiotic nitrogen fixation in
regenerating stands of Acacia koa. Ecol. Appl. 11:1381-1394.

Pons, T. L., K. Perreijn, C. Van Kessel, and M. J. A. Werger.
2007. Symbiotic nitrogen fixation in a tropical rainforest:
N-15 natural abundance measurements supported by
experimental isotopic enrichment. New Phytol. 173:154-167.

PROTEA. 2014. Dichrostachys cinerea (L.). Wright & Arnot.
Plant resources of tropical Africa. Available at http://www.
protadu.org (accessed 29 January 2014).

R Core Team. 2012. R: A language and environment for
statistical computing. R Foundation for Statistical

1437



Soil feedback loops of shrub encroachment

Computing, Vienna, Austria. Available at http://www.
R-project.org/ (accessed 25 November 2013).

Riginos, C., J. B. Grace, D. J. Augustine, and T. P. Young.
2009. Local versus landscape-scale effects of savanna trees
on grasses. J. Ecol. 97:1337-1345.

Robinson, D. 2001. Delta'’n as an integrator of the nitrogen
cycle. Trends Ecol. Evol. 16:153-162.

Roques, K. G., T. G. O’Connor, and A. R. Watkinson. 2001.
Dynamics of shrub encroachment in an African savanna:
relative influences of fire, herbivory, rainfall and density
dependence. J. Appl. Ecol. 38:268-280.

Schimel, D. S., B. H. Braswell, R. McKeown, D. S. Ojima, W. J.
Parton, and W. Pulliam. 1996. Climate and nitrogen controls
on the geography and timescales of terrestrial biogeochemical
cycling. Global Biogeochem. Cycles 10:677-692.

Scholes, R. J., and S. R. Archer. 1997. Tree-grass interactions
in savannas. Annu. Rev. Ecol. Syst. 28:517-544.

Seitzinger, S. P. 1994. Linkages between organic matter
mineralization and denitrification in eight riparian wetlands.
Biogeochemistry 25:19-39.

Sitters, J., P. J. Edwards, and H. Olde Venterink. 2013.
Increases of soil C, N, and P pools along an Acacia tree
density gradient and their effects on trees and grasses.
Ecosystems 16:347-357.

Springsteen, A., W. Loya, M. Liebig, and J. Hendrickson. 2010.

Soil carbon and nitrogen across a chronosequence of woody
plant expansion in North Dakota. Plant Soil 328:369-379.

Tabatabai, M. A., and J. M. Bremner. 1969. Use of
p-nitrophenyl phosphate for assay of soil phosphatase
activity. Soil Biol. Biochem. 1:301-307.

1438

W. J. Blaser et al.

Throop, H. L., and S. R. Archer. 2008. Shrub (Prosopis
velutina) encroachment in a semidesert grassland:
spatial-temporal changes in soil organic carbon and nitrogen
pools. Glob. Change Biol. 14:2420-2431.

Tobler, M. W., R. Cochard, and P. J. Edwards. 2003. The
impact of cattle ranching on large-scale vegetation patterns
in a coastal savanna in Tanzania. J. Appl. Ecol.
40:430—444.

US Forest Service. 2013. Dichrostachys cinerea (L.). R. Wright
& Arnot. Pacific Island Ecosystems at Risk (PIER). Available
at http://www.hear.org/pier/species/dichrostachys_cinerea.
htm (accessed 28 January 2014).

Van Auken, O. W. 2000. Shrub invasions of North
American semiarid grasslands. Annu. Rev. Ecol. Syst.
31:197-215.

Van Auken, O. W. 2009. Causes and consequences of woody
plant encroachment into western North American
grasslands. J. Environ. Manage. 90:2931-2942.

Van Groenigen, K. J., J. Six, B. A. Hungate, M. A. De Graaff,
N. Van Breemen, and C. Van Kessel. 2006. Element
interactions limit soil carbon storage. Proc. Natl Acad. Sci.
U. S. A. 103:6571-6574.

Vitousek, P. M., K. Cassman, C. Cleveland, T. Crews, C. B.
Field, and N. B. Grimm, et al. 2002. Towards an ecological
understanding of biological nitrogen fixation.
Biogeochemistry 57:1-45.

Wheeler, C. W., S. R. Archer, G. P. Asner, and C. R.
McMurtry. 2007. Climatic/edaphic controls on soil carbon/
nitrogen response to shrub encroachment in desert
grassland. Ecol. Appl. 17:1911-1928.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



