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Abstract The relative importance of resource heteroge-
neity and quantity on plant diversity is an ongoing debate
among ecologists, but we have limited knowledge on rela-
tionships between tree diversity and heterogeneity in soil
nutrient availability in tropical forests. We expected tree
species richness to be: (1) positively related to vertical soil
nutrient heterogeneity; (2) negatively related to mean soil
nutrient availability; and (3) more influenced by nutrient
availability in the upper than lower soil horizons. Using a
data set from 60, 20 x 40-m plots in a moist forest, and
126 plots in miombo woodlands in Tanzania, we regressed
tree species richness against vertical soil nutrient heteroge-
neity, both depth-specific (015, 15-30, and 30-60 cm) and
mean soil nutrient availability, and soil physical properties,
with elevation and measures of anthropogenic disturbance
as co-variables. Overall, vertical soil nutrient heterogeneity
was the best predictor of tree species richness in miombo
but, contrary to our prediction, the relationships between
tree species richness and soil nutrient heterogeneity were
negative. In the moist forest, mean soil nutrient availability
explained considerable variations in tree species richness,
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and in line with our expectations, these relationships were
mainly negative. Soil nutrient availability in the top soil
layer explained more of the variation in tree species rich-
ness than that in the middle and lower layers in both veg-
etation types. Our study shows that vertical soil nutrient
heterogeneity and mean availability can influence tree spe-
cies richness at different magnitudes in intensively utilized
tropical vegetation types.

Keywords Disturbance - Miombo - Moist forest - Plant
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Introduction

Heterogeneous environments generally contain more niches
compared with homogenous ones (MacArthur and Mac-
Arthur 1961; Ricklefs 1977; Chesson 2000). Habitat het-
erogeneity may be an important factor in explaining spatial
heterogeneity in species richness (Huston 1979; Lundholm
2009; Stein et al. 2014). Indeed, numerous studies show
that species richness of many groups of animals increases
with habitat heterogeneity; for example, birds (Cody 1981),
insects (Liu et al. 2015), and ungulates (Tews et al. 2004).
Whether such a relationship also exists for plant species
richness is less clear (Amarasekare 2003; Perroni-Ventura
et al. 2006; Silva et al. 2013), partly because plants use,
and interact within, a narrower spectrum of resources
(Pérez-Ramos et al. 2012), and vary widely in morphol-
ogy and size (Eilts et al. 2011). Nevertheless, some studies
on forbs and grasses in grassland ecosystems have found
positive relationships between small-scale heterogeneity
in soil depth, soil nutrient availability, and species rich-
ness (Perroni-Ventura et al. 2006). However, few studies
have examined if there is any relationship between habitat

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-016-3696-0&domain=pdf
http://dx.doi.org/10.1007/s00442-016-3696-0

878

Oecologia (2016) 182:877-888

heterogeneity and tree species richness in forest ecosystems
(Dufour et al. 2006; Chisholm et al. 2013), partly because
it is difficult to conduct experimental manipulations over
realistic spatial and temporal extents on these large, long-
lived organisms.

Plant species richness and composition are strongly deter-
mined by availability and heterogeneity in resources, such as
soil moisture, soil physical properties, and light availability
(Murphy and Lugo 1986; Mooney et al. 1995). Soil nutrient
availability in forest habitats depends on the underlying geol-
ogy, plant species composition [e.g., the presence and abun-
dance of legumes: (Gei and Powers 2013)], above-ground
biomass production (Paoli et al. 2008), topography, climate,
and anthropogenic disturbance (Lavelle and Spain 2001;
Aponte et al. 2013). In addition, plant species richness varies
across space, depending on the ability of species to acquire
patchily distributed soil nutrients (Ricklefs 1977; Tilman and
Pacala 1993; Hill and Hill 2001; Wright 2002; Questad and
Foster 2008). The previous studies show that anthropogenic
disturbance influences how plant species richness relates
to soil nutrient availability, through altering plant nutrient
demand and supply in forest (Fraterrigo et al. 2005; Bartels
and Chen 2010) and grassland ecosystems (Abrams and Hul-
bert 1987, Silva et al. 2013).

The interactions between biotic and abiotic ecosystem
components affect the inherent heterogeneity in nutrient
availability among soil horizons (Lavelle and Spain 2001),
which could affect plant growth and species distribu-
tions. For example, plant species are specialized in nutri-
ent uptake and, therefore, have species-specific responses
to soil nutrient availability (Huston 1979; Wijesinghe et al.
2005; Maestre et al. 2006; Lundholm 2009). Thus, plant
species coexistence in forest and woodland may be influ-
enced by the ability of species to avoid competition for
resources, partly because of differences in their capacity
to adapt and exploit available resources at different levels,
such as soil nutrients at different soil depth layers (Sardans
and Penuelas 2013). In addition, differences in life forms
and morphological characteristics enhance a plant species’
capacity to specialize in resource use across niche space
(Schoener 1974; Scholes and Archer 1997).

Concentrations of most essential nutrients for plant
growth, as well as microbial activity, generally decrease
with soil depth (Jobbagy and Jackson 2001; Jumpponen
et al. 2010). Moreover, vegetation change, such as tree
growth, alters the quantity, availability, and vertical dis-
tribution of soil nutrients down a soil profile and thereby
important determinants of the presence, abundance, and
distribution of individual plant species across forest eco-
systems (Jobbagy and Jackson 2004). To date, studies have
focused mainly on how plant species richness varies with
temporal and horizontal patterns of soil nutrient heteroge-
neity (Tilman and Pacala 1993; Stevens and Carson 2002;
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Musila et al. 2005; Perroni-Ventura et al. 2006; Reynolds
et al. 2007). There is been ongoing debate among ecolo-
gists as to whether mean soil nutrient supply (Stevens and
Carson 2002) or heterogeneity actually promotes plant spe-
cies coexistence (Lundholm 2009; Schoolmaster Jr 2013).
Studies in grasslands suggest that soil depth (Dornbush and
Wilsey 2010) and vertical soil nutrient heterogeneity (Wil-
liams and Houseman 2014) positively affect plant species
richness. However, we are not aware of any studies of the
influence of vertical soil nutrient heterogeneity and depth-
specific soil nutrient availability on tree species richness in
tropical forests and woodlands. Given the high tree species
diversity of these ecosystems, better knowledge about rela-
tionships between vertical soil nutrient heterogeneity and
tree species richness could potentially shed light on con-
flicting findings in studies of resource heterogeneity and
plant species coexistence (Eilts et al. 2011).

In this study, we explore the relationships between
woody species richness in two vegetation types in Tanza-
nia and both the vertical soil nutrient heterogeneity, and the
mean soil and specific soil nutrient availabilities within the
top three soil layers. We predict:

1. A positive relationships between woody species rich-
ness and vertical soil nutrient heterogeneity, because
theoretical models indicate that environmental hetero-
geneity promotes species coexistence and thereby spe-
cies richness (Chesson 2000).

2. A negative relationship between tree species richness
and mean soil nutrient availability, because the supply
rate of the most limiting resource controls plant growth
(Tilman 1985), thereby overriding resource limita-
tions that cause species diversity to be more associated
with quantity (i.e., mean) than the variation in resource
availability in natural ecosystems (Stevens and Carson
2002). Moreover, in grasslands at least, adding nutri-
ents experimentally tends to decrease richness, because
a few species respond rapidly and outcompete others
(Reynolds et al. 2007).

3. Tree species richness is more strongly related to nutri-
ent availability in the upper soil horizon than in lower
horizons, because, in tropical forest ecosystems at
least, most of the essential nutrients for plant growth
and over 60 % of tree root mass occurs in the top
30-cm soil layer (Jackson et al. 1996; Gregory 2008).

Materials and methods

Study area

We measured tree species richness and soil nutrient avail-
ability along an elevational gradient in a moist forest in
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Hanang district, and in miombo woodlands in Kilombero,
Kilolo, Mufindi, Iringa rural, Mbeya rural, Mbozi, and
Chunya districts of Tanzania. These districts were selected
to represent a wide range of topographic and climatic con-
ditions in moist forest and miombo woodlands (Online
Resource 1).

Miombo woodlands (hereafter ‘miombo’) cover about
90 % of the forested land in Tanzania (URT 1998). They
occur over a wide range of tropical climates and are clas-
sified as either wet or dry, with a separation around 1000-
mm annual rainfall (White 1983; Frost 1996). Our miombo
study sites spanned an elevation range of 25-2000 m,
a temperature range of 16-30 °C, and rainfall range
of 400-650 mm (Frost 1996; Platts et al. 2014). They
are dominated by the genera Brachystegia and Julber-
nardia, as elsewhere in southern East and Central Africa
(Thomas and Packham 2007), and are strongly influenced
by frequent fires and anthropogenic disturbances (Camp-
bell et al. 1996; Furley et al. 2008; Tarimo et al. 2015).
The soils underlying miombo are generally well drained,
highly leached, and low in plant-available nutrients (Jef-
fers and Boaler 1966). Shallow soils occur around weath-
ered rock outcrops and where laterite hard pans restrict
plant rooting (MacClanahan 1996). These variations in
soil depth and drainage, along with differences in local
climate, fire regime, grazing, and land use, all produce
considerable local heterogeneity in miombo species com-
position and vegetation structure (Frost 1996; Desanker
et al. 1997). Anthropogenic disturbances include fuelwood
extraction, settlement, and agricultural expansion (Dewees
et al. 2010).

The moist forest spans an elevation range of 1860—
3418 m on Mt Hanang, and is categorized as montane
and upper montane forest on the wetter southern, east-
ern, and northern slopes, and dry montane forests on the
drier western slopes. There are also extensive rocky areas
covered by grassland, thickets, and upland moorlands
(Lovett and Pocs 1993). The moist forest is dominated
by species in the genera Albizia, Cassipourea, Hagenia,
Prunus, Cussonia, Olea, and Vernonia. The underly-
ing forest soils are derived mainly from volcanic parent
material, but there is small-scale variation in both soils
and associated vegetation, such as canopy forests with
humus-rich loamy soils, bushlands with reddish—-brown
to orange-red soils, upland moorlands with dark brown
sandy soils, and steep slopes with short stunted plant
growth and bare soils on rocky areas with quartz pebbles
(Lovett and Pocs 1993). The forest receives an annual
rainfall of 750-2000 mm, with a mean annual tempera-
ture range of 16-25 °C (Lovett and Pocs 1993; Platts
et al. 2014). This forest is relatively less disturbed by
human activities.

Data collection

We surveyed 20 x 40-m vegetation plots in moist forest
(n = 60) and miombo (n = 126). Plots were positioned at
least 400 m apart along elevation gradients, and their geo-
graphic locations recorded using a hand-held GPS (Garmin
Map76cx). We measured and recorded trees with dbh >5 cm,
and identified them in the field. For unidentified trees species,
voucher specimens were identified at the National Herbarium
in Arusha, Tanzania. To account for the potential effects of
disturbance on the relationships between species richness
and aspects of soil nutrient availability, we counted cut tree
stumps in each plot, and estimated distances (km) from the
nearest road and human settlement. Stumps and distances
from roads and settlements alone may not capture all ele-
ments of disturbances; because of a long history of anthropo-
genic disturbances (Campbell et al. 1996), wood also decays
rapidly (Yang et al. 2010). However, the number of cut
stumps and distance to roads provides an indication of recent
human activities, such as logging, charcoal production, settle-
ment, and agricultural expansions, and has previously been
used to account for human disturbances in forest ecosystems
(Ramirez-Marcial et al. 2001; Williams-Linera 2002).

We sampled soils between May 2011 and March 2012
during the vegetation survey in the two vegetation types.
Soil samples were collected at 0—15-cm (top), 15-30-cm
(mid), and 30-60-cm (lower) depths, from the four corners
and centre of each plot, but we did not consider soil bulk
density. Thereafter, the samples were aggregated into three
composites of one sample per soil depth layer in each plot.
A total of 378 soil samples were collected, but only 375
samples were analysed, because three samples from one
plot were lost. Analyses were done at Seliani Agricultural
Research Institute, Arusha, Tanzania. In the laboratory, all
samples were air dried and sieved through a 2-mm wire
mesh and subsequently analysed for soil pH (at 1:2.5 soil:
H,0), percentage organic carbon (Walkley—Black method),
available phosphorus (Bray II), total nitrogen (Kjeldahl
method), potassium, calcium, sodium, and magnesium
(ammonium acetate 1.0 M pH 7.0 extraction), as described
in Page (1982). Soil particle size were classified into clay
(<2 pm), silt (2-20 pm), fine sand (20-50 um), and coarse
sand (50-2000 pum) (Fullen and Catt 2004).

Statistical analysis

Tree species richness was determined by the total number
of tree species occurring in each plot. We used the Chao2
estimator (Chao 1987; Colwell and Coddington 1994) to
estimate overall species richness in the miombo woodland
and forest sites using occurrence data across all samples
from these sites.
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Table 1 Summary of the stand

. Variables Vegetation type

measured variables, mean

(arithmetic mean soil nutrients Moist forest Miombo woodlands

for all measured plots), mean

CV (arithmetic mean of the Mean Range Mean CV ~ Mean Range Mean CV

coefficients of variations), and .

range (minimum and maximum Richness 8.9 1.0-18.0 - 9.8 1-24 -

values) in moist forest (n = 60) Clay (%) 38.2 24.4-57.6 0.20 53.6 149-87.4  0.10

and miombo woodland Silt (%) 5.5 4.1-6.9 0.06 3.6 1.8-5.1  0.10

(n = 125) in Tanzania Fine sand (%) 14.2 73231 0.09 53 20-107  0.10
Coarse sand (%) 383 16.1-68.7 0.40 24.5 10.2-67.3  0.20
Soil pH 6.0 5.8-6.3 0.03 5.9 4.8-7.1 0.01
Soil nitrogen (%) 0.2 0.06-0.60 0.30 0.03 0.01-0.1 0.20
Soil organic carbon (%) 1.9 0.84.9 0.30 1.0 0.1-2.6 0.20
Soil phosphorus (mg kg™ 3.5 1.90-6.07 0.20 4.8 1.6-9.5 0.10
Soil potassium (cmol kg~ 1.1 0.5-2.1 0.20 0.3 0.03-1.2 0.20
Soil calcium (cmol kg™1) 15.0 2.7-37.4 0.50 1.6 0.1-18.0  0.40
Soil magnesium (cmol kg1 0.4 0.1-0.9 0.20 0.2 0.01-1.3 0.02
Soil sodium (cmol kg~ 0.1 0.05-0.40 0.20 0.07 0.01-0.6 0.01
Elevation (m) 2187 1900-2622 - 1221 25-2012 -
Stumps-cuts 5.1 0-18 - 5.0 0-24 -
Road distances (km) 5.0 1.8-7.8 - 11.3 0.1-248 -
Settlement distances (km) 6.7 3.1-11.5 - 19.3 0.2-51.9 -

Vertical soil nutrient heterogeneity (VH) was estimated
using coefficient of variation (CV) in soil nutrients from
the three soil depth layers in each plot (Baer et al. 2005;
Holl et al. 2013). We calculated mean soil nutrient avail-
ability (M) as the arithmetic mean of soil nutrient availabil-
ity across each layer in a plot. The explanatory variables
were the means and coefficients of variation of phospho-
rus (P), nitrogen (N), potassium (K), calcium (Ca), magne-
sium (Mg), sodium (Na), silt, fine sand, coarse sand, pH,
and organic carbon (OC), along with the actual soil nutri-
ent values in each soil depth layer. We included the number
of cut tree stumps (stump-cuts), distance from the nearest
settlement to each plot (settlement), distances from near-
est road to each plot (road), and elevation as co-variables
in the analyses (Table 1). Data exploration indicated high
heteroscedasticity, and therefore, all continuous explana-
tory variables were checked for skewness, corrected where
necessary to approximate zero skewness (Jkland et al.
2001), and scaled to improve the interpretability of regres-
sion coefficients (Schielzeth 2010).

We used generalized least-square regression (gls) to
explore the relationships between tree species richness and
vertical soil nutrient heterogeneity (VH), mean soil nutrient
availability (M), and depth-specific (DS) soil nutrient avail-
ability. Generalized least-square regression was preferred,
because it accounts for the high heteroscedasticity in our
data (Zuur et al. 2009, 2013).

We first explored the relationship between tree species
richness and vertical soil nutrient heterogeneity (VH) or
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mean soil nutrients (M), and then with vertical soil nutrient
heterogeneity and mean soil nutrient availability combined
(VH + M). We then investigated relationships between tree
species richness and soil nutrient availability at each soil
depth separately. At each step, the models included stump-
cuts, distance to settlement, distance to road, elevation, and
their first-term interactions with all soil nutrient variables.
Models were developed separately for moist forest and
miombo. Data exploration indicated a non-linear relation-
ship between tree richness and elevation in miombo; conse-
quently, this relationship was fitted using a quadratic term.
We checked for correlations within groups of explanatory
variables, to ensure that all those included in the regression
models had variance inflation factors <8.0 (Zuur et al. 2010)
and Pearson correlation () <70 % (Dormann et al. 2013).
We used stepwise backward elimination and the Akaike
Information Criterion (AIC) for final model selection (Zuur
et al. 2009). Models with the lowest AIC and variables
with significant contributions (p < 0.05) were selected as
the most parsimonious (Zuur et al. 2009). We assessed each
model’s goodness-of-fit, validated the final products by
observing the spread of residuals, and compared the mod-
els using the likelihood ratio test (Zuur et al. 2009, 2010).

Results

Overall, we recorded 3003 tree stems of 240 tree species
from 51 families in miombo and 3466 tree stems of 97
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Fig. 1 Individual-based rarefaction curves of the estimated number
of species as a function of number of individuals in moist forest and
miombo woodlands in Tanzania

tree species from 46 families in moist forest. Miombo had
higher estimated tree species richness (mean Chao2 = 279)
than that of moist forest (mean Chao2 = 120 species)
(Fig. 1). Moreover, there was a wider range and slightly
higher values of soil nutrient availability in the middle and
bottom soil depth layers compared with the top soil layers
in both moist forest and miombo (Online Resource 2).

The most parsimonious model explaining tree species
richness in miombo included only vertical soil nutrient
heterogeneity (VH: AIC = 694, R*> = 42 %), although it
was not significantly different from models with mean soil
nutrient availability only (M: AIC = 698, R* = 38 %), or
the combination of mean soil nutrient availability and ver-
tical soil nutrient heterogeneity (VH + M: R*> = 42 %,
AIC = 702, Table 2, Online Resources 3 and 4). In moist
forest, the model with mean soil nutrient availability only
(M: AIC = 316, R*> = 59 %, LRT,, 4, P = 0.001) explained
significantly more of the variation in tree species richness

Table 2 Coefficients and
standard errors (SE) of the

significant (¢ < 0.05) model
covariates from generalized
least-square models VH
(vertical heterogeneity) + M
(mean), VH, and M of the
relationships between tree
species richness and VH,

M, and CV (coefficient of
variation) of soil nutrient
availability, soil texture,
distances from nearest road and
settlements, disturbance (stump-
cuts), and elevation in moist
forest (n = 60) and miombo
woodland (n = 125)

Variables VH + M VH M
Coefficient (SE) Coefficient (SE) Coefficient (SE)
Moist forest (intercept) 6.74 (1.83) 8.21 (1.25) 12.67 (4.39)
CV-P —8.67 (1.94) —6.40 (1.86) -
CV-N 4.58 (1.67) - -
Stump-cuts 9.12 (1.85) 8.51(1.94) 8.48 (1.84)
Mean K —7.08 (1.91) - —5.30(2.29)
Mean silt 7.91 (2.56) - 29.82 (5.99)
Mean Na - - —8.84 (3.65)
Mean fine sand - - —4.60 (2.18)
Road - - 11.36 (3.81)
Elevation - - —16.42 (5.67)
Mean silt: road - - —30.77 (8.25)
Miombo woodlands (intercept) 13.15 (2.03) 24.18 (3.26) 11.75 (3.72)
CV-P —5.59 (1.67) - -
CV-0C - —4.87 (1.96) -
CV-pH —10.03 (3.38) —22.33 (5.52) -
Mean silt 5.01 (2.21) - -
Mean K —6.47 (2.54) - —8.074 (3.35)
CV—coarse sand 11.18 (4.27) - -
Mean pH - - 13.28 (4.70)
Mean coarse sand - - —26.71 (7.67)
Settlement - —13.07 (4.14) 17.79 (6.17)
Elevation 20.99 (5.40) 17.20 (5.70) 19.61 (6.02)
Elevation® —28.95 (5.59) —36.34 (5.44) —42.67 (6.29)
CV-—coarse sand: settlement —23.18 (7.74) - -
CV—pH: settlement 18.71 (6.65) 21.90 (8.19) -
CV—pH: elevation - 19.57 (5.48) -

Mean pH: settlement
Mean coarse sand: elevation

—33.62 (10.62)
36.62 (10.37)

See Table 1 for more details on the variables used
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compared with the model based on vertical soil nutrient
heterogeneity alone (VH: AIC = 326, R?> =53 %), or the
combination of mean soil nutrient availability and verti-
cal soil nutrient heterogeneity (VH + M: AIC = 318,
R? = 36 %; Table 2, Online Resources 3 and 4).

Tree species richness in miombo was strongly negatively
associated with vertical soil nutrient heterogeneity (CV—-pH
and CV-0OC; Table 2). CV—pH interacted positively with set-
tlement and elevation (Table 2). In moist forest, tree species
richness was significantly negatively associated with mean
soil K and Na, and significantly positively associated with
mean soil silt. Anthropogenic disturbance (distance from
road) interacted negatively with the effect of silt (Table 2).

Relationships between species richness and soil nutri-
ent availability differed substantially among the three soil
depth layers (Table 3 and Online Resource 5). The varia-
tion in tree species richness was best explained by soil
nutrient availability in the top soil layer in both vegetation
types (montane forest: AIC = 308, R? = 66 %, miombo:
AIC = 679, R*> = 49 %), followed by soil nutrient avail-
ability in the middle (forest: AIC = 323, R?> = 49 9,
miombo: AIC = 690, R?> = 35 %) and in the lower (forest:
AIC = 325, R* = 46 %, miombo: AIC = 694, R* = 32 %)
soil depth layers (Table 3, and Online Resource 5).

There were more negative relationships between tree
species richness and soil nutrient availability in moist

Table 3 Results from

. Variables Top (0-15 cm) Mid (15-30 cm) Lower (30-60 cm)
generalized least-square models . ] )
of the relationships between Coefficient (SE) Coefficient (SE) Coefficient (SE)
Zii:rge:r‘lzs;ﬁ‘;iiS;VS;’i‘lLbﬂity’ Forest (intercept) ~2.29 (12.30) 21.59 (5.07) 29.67 (9.05)
disturbances (stump-cuts, road, Coarse sand 49.97 (14.71) - -
and settlement), and elevation Elevation 9.45 (17.14) —17.92 (6.48) —33.92 (13.84)
in moist forest (n = 60) and Fine sand —61.06 (17.00) —9.84 (4.17) —37.77 (15.51)
miombo woodland (n = 125)
in Tanzania, showing the Mg 41.31(16.16) - —6.56 (2.53)
coefficients and standard oC - 6.55 (2.60) 7.61 (2.90)
error (SE) of the significant K —11.82 (2.86) —8.14 (1.96)
<
g‘or; ?ﬁgst Lf;gizlﬂc(‘;;’;:;ag;ers Settlement —2.50 (4.64) -8.61 (3.91)
Stump-cuts 8.44 (1.73) 9.66 (1.98) 9.29 (2.07)
Coarse sand: settlement —26.43 (6.49) - -
Coarse sand: elevation —42.80 (21.65) - -
Fine sand: settlement 29.44 (8.54) 20.53 (7.87) -
Fine sand: elevation 63.54 (23.70) - 47.39 (22.13)
Mg: elevation —46.20 (21.56) - -
Miombo woodlands (intercept) 1.37 (4.98) 15.14 (3.76) —13.70 (10.92)
Ca 4.59 (4.35) —28.68 (10.14) -
Coarse sand —11.09 (5.83) - -
Elevation 21.15 (7.01) 14.83 (8.78) 25.81 (5.78)
Elevation® —39.61 (6.45) —28.49 (6.29) —33.21 (5.98)
oC 12.08 (5.18) - -
K - 21.26 (8.94) 26.72 (12.72)
pH 16.89 (5.81) - -
Silt —8.07 (3.79) - -
Roads 0.07 (6.25) - -
Settlement 13.11 (6.29) - 54.33 (24.01)
Stump-cuts 16.18 (5.23) - -
Ca: elevation - 49.88 (17.63) -
Ca: stump-cuts —28.41 (9.25) - -
Coarse sand: elevation 20.10 (9.30) - -
OC: road —20.43 (8.66) - -

K: elevation
pH: settlement
Silt: road

—32.45 (12.75)
24.61 (7.26)

—41.63 (14.19)

—64.23 (28.04)

See Table 1 for more details of the variables used
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forest than in miombo across all the three soil depth layers
(Table 3). However, the relationship between tree species
richness and some of the soil nutrients showed opposite
patterns among the three soil depths. For example, in moist
forest, tree species richness had a strong positive relation-
ship with Mg in the top soil layer but a negative relation-
ship in the lower soil layer (Table 3, Online Resource 5).
In miombo, tree species richness had a strong positive
relationship with Ca in the topsoil layer, whereas it was
negative in the middle soil layer (Table 3, Online Resource
5). In both vegetation types, soil nutrients and soil of dif-
ferent particle size interacted with many disturbance vari-
ables, illustrating a large complexity in the relationships
(Table 3).

Discussion

Vertical soil nutrient heterogeneity (VH) explained more
of the variation in tree species richness in miombo than
did mean soil nutrient availability, which may reflect rela-
tively high ranges in soil nutrient heterogeneity and anthro-
pogenic disturbances (i.e., selective removal of trees, set-
tlements, shifting cultivation, access roads, and frequent
fires) in miombo woodlands. When compared with less
herbaceous vegetation in moist forests, miombo has high
mixture of woody-herbaceous communities that are highly
diverse and exhibit large structural and functional differ-
ences within and between plant communities (House et al.
2003). Heterogeneity in soil nutrient (i.e., vertical soil
nutrient availability) influences the relationships among
plant species life forms and vice versa, which may subse-
quently influence species relative abundance in heterogene-
ous habitats like miombo woodlands. Our results also show
that the ranges of nutrient content are generally larger in
miombo than moist forest, suggesting high heterogeneity in
miombo. Moreover, resource partitioning between the root
systems of trees and herbaceous plants, and frequent distur-
bance (i.e., selective removal of trees, grazing, and frequent
fires) in miombo, may also influence vertical heterogene-
ity in soil nutrients and thereby species coexistence (Hill
and Hanan 2010). Furthermore, there is close association
between species diversity and habitat heterogeneity (Hus-
ton 1994; Zhou et al. 2012).

Tree species richness was higher in miombo than in
moist forest, yet there were more tree stems in moist for-
est, contrary to some previous reports (Munishi and Shear
2004). These differences further suggest greater habitat het-
erogeneity in miombo than in moist forest. Most miombo
sites that we surveyed appear to be recovering from ear-
lier selective logging of trees and abandoned farms or fires
(i.e., anthropogenic disturbance), which can increase tree
species richness compared with undisturbed woodlands

(Connell 1978; Frost 1996). In contrast, the moist forest
sites were less disturbed and had taller and larger canopy
trees of few dominant species. Lower disturbance and
greater dominance by a few species are sometimes asso-
ciated with lower overall diversity (Ruiz-Jaen and Potvin
2011). Nevertheless, this may also partly represent our
sampling approach, given the larger number of plots from
different sites in miombo compared with fewer plots from
the more homogeneous and concentrated moist forest sites.
However, extrapolation results from rarefaction curves
(Fig. 1) show that miombo woodland in our study sites do
have higher tree species richness than the moist forest.

Our results do not support our prediction that vertical
soil nutrient heterogeneity promotes tree species richness.
Thus, the strong negative relationship between species rich-
ness and vertical soil nutrient heterogeneity in miombo was
unexpected, given the high species richness of these wood-
lands and the associated high incidence of anthropogenic
disturbance (i.e., selective logging, fires, and grazing). In
tropical forest ecosystems, tree species richness is posi-
tively correlated with the amount of soil organic carbon,
because of high litterfall and rapid decay rates from differ-
ent species (Islam et al. 2015). In dry subtropical forests
(like miombo woodlands), however, soil organic carbon
takes longer to recover after shifting cultivation, selective
logging, and burning, at which over 50 % can be lost (Solo-
mon et al. 2007), even though the plant community recov-
ers relatively rapidly (Colén and Lugo 2006; Pinard et al.
2000). Nevertheless, longer soil organic carbon recovery
and rapid plant recovery rate after disturbances may not
explicitly explain the negative relationship between verti-
cal soil nutrient heterogeneity (CV-OC) and tree species
richness, and hence requires an in-depth study to under-
stand the underlying mechanisms. The significant negative
association that we found between tree species richness
and CV—pH in miombo may also be associated with dis-
turbance, such as frequent fires (Stremgaard 1992; Higgins
et al. 2007; Tarimo et al. 2015), and the influence that soil
pH has on other essential nutrients for plant growth (John
et al. 2007). The rapid change in soil pH, phosphorus, and
exchangeable bases (Mg and K) in the top soil, resulting
from frequent burning of plant biomass, not only influences
the dynamics of soil nutrients, but also plant species rich-
ness (Frost 1996; John et al. 2007). Controlled experiments
are needed to determine at what level variability in soil pH
results in changes to trees species richness. Phosphorus
and nitrogen were not selected as important predictors in
the most parsimonious models in our study, although some
previous studies have shown that they are the most limit-
ing soil nutrient elements to plant growth and do influence
tree diversity in tropical ecosystems (Siddique et al. 2010;
Xiankai et al. 2010), especially in high pH soils (i.e., phos-
phorus in regularly burned soil in miombo, see Campbell
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et al. 1996) and fertile volcanic soils (i.e., nitrogen in the
moist forest, see Xiankai et al. 2010).

In moist forest, mean soil nutrient availability explained
more of the variation in tree species richness than did ver-
tical soil nutrient heterogeneity, a finding consistent with
some studies (i.e., Holl et al. 2013) but not with others
(i.e., Lundholm 2009). In line with our second prediction,
we found that species richness decreased with soil nutrient
availability. Strong resource limitations and interspecific
competition characterize tropical moist forests (i.e., Hanang
moist forest), where a dense canopy limits light availability
(Bartels and Chen 2010) causing a few dominant species
capturing available soil nutrients. Those tree species with
a high biomass production and large canopies can domi-
nate access to soil nutrients and light, probably making soil
nutrient availability rather than heterogeneity more of a
limiting factor for species coexistence (Stevens and Carson
2002). The Hanang moist forest is a primary forest, charac-
terized by large stems and with canopies of some species
tending to dominate, creating continuous, mono-dominant
stands, a pattern found in some forests elsewhere in the
tropics (Connell 1978; Ruiz-Jaen and Potvin 2011). In con-
trast, trees in miombo are typically shorter and their cano-
pies are more open, because of frequent selective harvest-
ing (Timberlake et al. 2010), and often found in areas with
low precipitation (Murphy and Lugo 1986; Davenport and
Nicholson 1993; Campbell et al. 1996), as also observed in
our study sites.

There were more negative than positive relationships
between tree species richness and both vertical soil nutri-
ent heterogeneity and mean nutrient availability in the two
vegetation types. This could reflect intensified competition
as plants grow (Perroni-Ventura et al. 2006; Toledo et al.
2011). In the moist forest, tree species richness decreased
linearly with an increase in nutrients essential for tree
growth (e.g., the mean values for K and Na). Tree spe-
cies richness in tropical forests decreases with increasing
soil fertility due to an increase in the size of the dominant
tree species (Huston 1980, 1994). The resulting increase
in above-ground biomass production can limit resources,
such as light available to smaller trees, thus leading to
a decrease in tree species richness (Stevens and Carson
2002). Although we did not measure or observed changes
in tree sizes and light during snapshot field survey, the pre-
vious studies show that the directions of the relationships
between richness and soil nutrient availability are deter-
mined, therefore, not only by niche differentiation among
plant species, but also by plant size (Tilman and Pacala
1993; Eilts et al. 2011).

In theory, heterogeneity in the availability of resources,
such as soil nutrients, should explain much of the local
variation in plant species richness, and hence together
with topography, disturbance, and other factors, such as
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soil moisture, ought to promote high plant species rich-
ness in tropical woodlands and forests (Stein et al. 2014).
We found that relationships between tree species richness,
vertical soil nutrient heterogeneity, and depth-specific soil
nutrient availability differed notably between miombo
woodland and moist forest. In both vegetation types, soil
nutrient availability in the top soil layer explained more of
the variation in tree species richness than did availability in
the middle and lower layers, likely reflecting the concentra-
tion of essential soil nutrients in the topsoil layer (Jobbagy
and Jackson 2001). The patterns are complex, however,
and require more detailed studies to uncover the underly-
ing mechanisms. For example, in moist forest, tree species
richness increased with increasing Mg in the topsoil layers
but decreased with the concentration of Mg in the lower
soil layers. Tree species richness in miombo showed the
same pattern, but with Ca not Mg as the critical nutrient.
We observed a wider range and slightly higher values of
Mg and Ca in the middle and lower soil depths than at the
topsoil layer in both moist forest and miombo. This vertical
distribution of soil nutrients down the various soil profiles
may reflect species-specific features of the trees related to
nutrient cycling, such as root distribution, rooting depths,
and nutrient uptake and return rates, as opposed to leach-
ing and chemical weathering (Jobbdgy and Jackson 2001).
Thus, not only could soil depth be influencing plant species
richness (Dornbush and Wilsey 2010), but also heterogene-
ity in nutrient availability at different depths. Overall, our
results suggest possible species differences in root mor-
phology and response to inter- and intra-specific competi-
tion for soil nutrients (e.g., Huston 1980, 1994).

In miombo, all these patterns were strongly modified by
disturbance (fire, shifting cultivation, livestock grazing, and
selective logging), caused by proximity to settlements and
roads, and likely tree felling. Tree species richness strongly
decreased with CV—pH, but interacted positively with dis-
turbance (i.e., was higher closer to settlements), suggesting
that disturbance may modify soil pH (i.e., alkaline deposi-
tion from charcoal ashes) and may influence tree recruit-
ment patterns and growth (Hart et al. 2005). Miombo gener-
ally occurs on infertile, acidic soils, which may favor a few
suitably adapted species (Frost 1996). However, increased
anthropogenic disturbance (i.e., fires, charcoaling, and
selective logging) close to settlement could increase soil
nutrient availability through biomass burning and manuring
by livestock, thereby promoting tree species richness. In
addition, most of miombo species have the ability to regen-
erate from root suckers or coppice (Luoga et al. 2004),
which increase their chance to survive after disturbances.
Tree species richness in miombo also increased with CV-
coarse sand, a variable that was negatively associated with
disturbance, being higher further away from settlements
(perhaps reflecting a disinclination for people to settle on
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sandy soils). Competition between plants for soil moisture
is likely to be greater on coarse sands, favouring those tree
species that can tolerate low water availability and compete
successfully under such conditions. In contrast, close to
settlement, on less sandy soils but with higher disturbance,
competitive pressures among tree species could be lower
(Woollen et al. 2012).

Tree species richness also increased with Ca, OC, and
pH, although these relationships turned to negative upon
interactions tree cutting, distance from roads and settle-
ments, respectively. They do not support our prediction that
vertical soil nutrient heterogeneity promotes tree species
richness. Nevertheless our result suggests that the influence
of anthropogenic disturbances on how tree species rich-
ness relates to soil fertility varies spatially on the woodland
landscape (Pausas and Austin 2001). We do not have fire
frequency data from our study area, but frequent recurring
fires are common in miombo (Tarimo et al. 2015), and have
an important influence on soil nutrient availability (Frost
1996; Williams et al. 2008), which, in turn, can influence
plant growth and both species richness and composition
(Shelukindo et al. 2014). The observed differences in the
relationship between species richness and soil nutrient
availability down the soil profile, especially when modified
by disturbance, suggest that tree growth and species coex-
istence are likely influenced by species-specific adaptations
to edaphic and physiographic conditions, disturbance, and
associated vegetation.

We have shown that plant species richness is influenced
by vertical heterogeneity in soil nutrient concentrations in
miombo, mean soil nutrient in moist forest, and nutrient
availability in the top soil layer in both vegetation types.
Contrary to our expectation, most of the relationships
between tree species richness and vertical soil nutrient
heterogeneity and depth-specific soil nutrient availability
were negative in the two vegetation types. Although often
neglected, vertical soil nutrient heterogeneity and depth-
specific soil nutrient availability have potential influence
on woody species richness in forests and woodlands. The
inherent vertical and depth-specific soil nutrient variabil-
ity, especially in miombo (i.e., poor soil nutrient), indi-
cate that soil depth and drainage have influence on water
and nutrient dynamics in both vegetation types (Grundy
1996). However, we did not measure soil bulk density to
account for soil water and nutrient dynamics in this study.
The increase in anthropogenic disturbances (fire, selective
logging, charcoaling, and livestock grazing) in miombo
woodlands and other forests types in Tanzania (Luoga et al.
2002; Persha and Blomley 2009) will likely alter their ver-
tical soil nutrient heterogeneity, depth-specific nutrient
availability, structure, composition, and diversity. Thus, we
call for increased soil conservation efforts and control of
anthropogenic disturbances to maintain tree diversity and

soil nutrient availability in miombo woodlands and moist
forests across Eastern, Southern, and South-Central Africa.
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