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diversity along the BIOTA transects 
in southern Africa
UTE SCHMIEDEL*, JÜRGEN DENGLER, JONA LUTHER-MOSEBACH, ALEXANDER GRÖNGRÖFT, GERHARD MUCHE, ANDREAS PETERSEN,   
BEN J. STROHBACH & NORBERT JÜRGENS

Introduction

Southern Africa is renowned for its rich 
biodiversity (Barnard et al. 1998, Sim-
mons et al. 1998, Goldblatt & Manning 
2002, Burke 2003, Linder et al. 2010). 
The region accommodates two of the 
global biodiversity hotspots (i.e. Cape 

Floristic Region and Succulent Karoo, 
Jürgens 1986, Myers et al. 2000, Kier 
et al. 2005) and numerous local centres 
of plant-diversity and endemism (Nor-
denstam 1969, Davis et al. 1994), sev-
eral of which are covered by the BIOTA 
Southern Africa transects: e.g. Cape Pe-
ninsula (Goldblatt & Manning 2002), 

Nieuwoudtville (Snijman & Perry 1987), 
Knersvlakte, Kamiesberg, Richtersveld 
(Nordenstam 1969, Hilton-Taylor 1994), 
and the Okavango Region (Maggs et al. 
1998). Despite this species richness and 
numerous studies on local or regional 
plant diversity patterns and their drivers 
(e.g. Cowling 1990, Cowling et al. 1989, 

Summary: Patterns of vascular plant diversity were studied at different spatial scales (100 m2, 1000 m2, 1 ha and 1 km2) 
along the BIOTA Southern Africa transects from the Kavango in northern Namibia to the Cape of Good Hope in South Af-
rica, covering six biomes in the western part of southern Africa and a steep rainfall gradient. We analysed family richness, 
species richness, as well as z-values (i.e. the slopes of power-law species-area relationships as measures of β-diversity) on 
all these spatial scales in order to provide baseline data for biodiversity assessment in the region and an understanding of 
the infl uence of potential drivers on various dimensions of biodiversity. For the last purpose, we related our biodiversity 
parameters via correlations, linear and polynomial regressions as well as analyses of variance (ANOVAs) to potential drivers 
such as geography, landuse, climate, and soil. Finally, we used the time-series data of the BIOTA Observatories to analyse 
whether a change in species richness occurred during the project period.
The mean species density along the transects was 23.9 species for 100 m2, with an absolute minimum of 0 (Desert Biome) 
and an absolute maximum of 128 (Fynbos Biome). The mean value for 1000-m2 plots was 40 species (maximum: 169; Fyn-
bos Biome), and 159 species (maximum: 385; Elandsberg Observatory, S32, Fynbos Biome) at the 1-km2 scale. Elandsberg 
Observatory in the Fynbos Biome showed exceptionally high species richness at all spatial scales.
The following environmental factors showed the strongest relationship with species richness at the 1000-m2 scale: mean annual 
precipitation (positive), precipitation seasonality (winter rainfall >> summer rainfall), mean annual temperature, length of dry 
season, and median pH values (all negative). The complex-factor soil ecotype richness, as an expression of the variability of 
plant-relevant soil features per 1 km2, was only related to species richness at the 1-km2 scale. Spatial species turnover (expressed 
as z-values), was highest in the arid parts of the transect (Desert and Succulent Karoo) and lowest in the Fynbos Biome. 
The time series of annual monitoring data of up to nine years revealed a slight but signifi cant mean annual increase in woody 
plant species richness at the 1000-m2 plot level for most of the Observatories along the transect. The maximum mean annual 
increase recorded was +2.2 woody plant species in the Koeroegap Vlakte Observatory (S18, Succulent Karoo). The positive 
increase corresponds well with the fi ndings of our individual-based plant population monitoring in the Succulent Karoo, 
which also indicated a stable to increasing development of the plant populations, irrespective of inter-annual variability. The 
only Observatory with a signifi cant decrease was Wlotzkasbaken (S16) with on average –1.0 woody plant species per year.
We discuss the role of the various drivers of plant diversity at different spatial scales along the transect and relate them to 
previous studies on regional and global plant diversity patterns. Finally, we highlight that the vascular plant data of BIOTA 
Southern Africa are a highly valuable, globally unique macroecological dataset in as far as they (i) combine large spatial 
extent with fi ne to medium grain, (ii) use a highly standardised sampling approach, including (iii) various spatial scales, (iv) 
time series, and (v) direct measures of many potential drivers of biodiversity.
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ern Africa transect and relate them to 
major environmental drivers (i.e. mean 
annual precipitation, rainfall season, soil 
heterogeneity). Based on nine years of 
monitoring data, we further provide a 
quantitative analysis of the changes in 
species richness of perennial plant spe-
cies at the BIOTA Observatories. 

Methods

Sampling was carried out on 36 of the 
37 BIOTA Observatories (see Sub-
chapter II.1.2; insuffi cient data for Nieu-
woudtville, Observatory S45, for our 
analysis) along the BIOTA transects in 
southern Africa (see Subchapter II.1.1). 
From these Observatories, we used 29 
environmental variables as predictors, 
and 12 parameters describing various 
“dimensions” of vascular plant diversity 
at different spatial scales as dependent 
variables. The data availability ranged 
from 22 to 36 Observatories, depending 
on the type of variable. The Electronic 
Appendix 1 gives an overview of the 
data used, while precise information on 
their measurement and calculation can be 
found in Subchapter II.1.3.

Two variables with strongly skewed 
distributions (electrical conductivity and 
organic carbon) were log-transformed 
for the analyses, while all other vari-
ables showed distributions suffi ciently 
close to normal to allow the application 
of parametric statistical tests (see Quinn 
& Keough 2002). Box-whisker plots 
were used to display the biodiversity 

landscape photographs are valuable sub-
stitutes for quantitative site-specifi c data 
on historical vegetation cover and species 
composition (Articles III.1.2, III.1.3). 
Several case studies have used space as 
a substitute for time by analysing landuse 
impacts along fence-line contrasts or gra-
dients of landuse intensity around stock 
posts and water points. These studies, 
which have been conducted in different 
biomes of southern Africa, have shown 
that unsustainable land management 
may result in changes to the species- and 
life form composition of vascular plants 
(Todd & Hoffman 1999, 2009, Riginos 
& Hoffman 2003, Anderson & Hoffman 
2007, Haarmeyer et al. 2010, Wesuls & 
Lang 2010, and Article III.5.5). 

The analysis of fence-line contrasts or 
resampling of historical permanent plots 
enables quantifi cation of changes over a 
given time period, but it does not provide 
information on the responsible processes 
and their drivers. Only continuous long-
term monitoring of biodiversity and their 
potential drivers (i.e. climatic factors, 
landuse management) can provide proc-
ess-oriented information. The objective 
of the BIOTA Observatories in southern 
Africa is to provide baseline data for 
analysis of biodiversity patterns in south-
ern Africa and, based on annual monitor-
ing, to provide the required evidence for 
changes in species composition, and the 
processes and drivers of such change. 

In this article, we analyse current pat-
terns of vascular plant species richness 
at different spatial scales (i.e. 100 m2, 
1000 m2, 1 km2) along the BIOTA South-

1992, 1994, 1996, 1997, 1998, Gold-
blatt 1997, Goldblatt & Manning 2002, 
Linder et al. 2010), studies that provide 
measures of species richness at different 
spatial scales in a standardised manner 
and which relate them to site-specifi c 
environmental drivers are scarce. A fi rst 
comprehensive approach towards a re-
gional comparison has been provided by 
Cowling et al. (1989). 

The landscapes in the study region are 
prone to transformation and subsequent 
species loss due to unsustainable landuse 
(Hoffman & Todd 2000, Hoffman & Ash-
well 2001) and projected climate change 
(Midgley et al. 2003, Thomas et al. 2004, 
Thuiller et al. 2006, Midgley & Thuiller 
2007, Biggs et al. 2008). Vascular plants, 
the main primary producers, are likely 
the fi rst to be affected by transformation, 
which has strong knock-on effects on oth-
er groups of organisms (e.g. Blaum et al. 
2007, 2009, Siramin et al. 2009, see also 
Articles III.4.4, III.4.6, III.5.7, III.5.8) 
and the abiotic environment, such as the 
soil (Article III.5.4) and microclimate. 
The consequences might be irreversible 
losses of biodiversity, with negative ef-
fects on the resilience and productivity of 
the systems. 

The extent of changes is hard to quan-
tify, because benchmark data on current 
and historical states of the environment, 
which are required to reconstruct the 
changes over time at a given site, are 
scarce. Where such data have been avail-
able, it has provided valuable insight into 
environmental changes (Kraaij & Mil-
ton 2006, Rahlao et al. 2008). Historical 

Photo 1: Small-scale richness of succulent plants in the Succulent 
Karoo. Photo: U. Schmiedel.

Photo 2: Mosaic of different habitats at the Observatory Gellap Ost 
(S10) in the Nama Karoo. Photo: N. Dreber.
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then graphically displayed and subjected 
to a t-test in order to see whether the ob-
served mean change was signifi cantly 
different from zero.

Results

Relationships among the 
biodiversity parameters
The majority of the biodiversity param-
eters were strongly positively correlated 
to each other (see Electronic Appen-
dix 1). The only exceptions were the z-
values, which showed—apart from one 
case—negative and only partly signifi -
cant correlations to the various richness 
parameters. Since z-values are a measure 
of β-diversity, this fi nding means that 
the relative increase in species richness 
with spatial scale was generally lower 
when the small-scale richness was al-
ready high. The richness values for the 
four different spatial scales (100 m2, 
1000 m2, 1 ha, 1 km2) within individual 
years showed the highest Pearson corre-
lation coeffi cients among all parameter 
pairs (r =  0.783–0.985), with the values 

distribution suggested the latter as the 
more appropriate model. In this case, 
we used the Akaike information crite-
rion (AIC), calculated in PAST (Hammer 
et al. 2001) as an additional measure of 
goodness-of-fi t in comparison of models 
with different complexity (see Quinn & 
Keough 2002). In one case, we applied 
the regression analyses separately for the 
Observatories of the two rainfall regions 
(i.e. winter vs. summer rainfall), as the 
correlations had indicated a strong addi-
tional effect of rainfall season. In order to 
analyse the effects of categorical or or-
dinal variables on biodiversity measures, 
we applied ANOVAs.

Finally, we calculated the mean an-
nual change (between consecutive years) 
in species richness of perennial woody 
plants (i.e. phanerophytes and chamae-
phytes) for the 1000-m2 plots. We did this 
calculation for each of the 1000 m2-plots 
sampled within an Observatory. This 
resulted in typically 20 values per Ob-
servatory (depending on the number of 
1000 m2-plots sampled; see Part II) of a 
linear increase/decrease rate per Observ-
atory. These change rates per plot were 

values of the individual hectare plots on 
the Observatories along the transects, ar-
ranged according to decreasing summer 
and increasing winter rainfall. Although 
analysis of variance (ANOVA) with post 
hoc tests had revealed that Observatories 
could be arranged in many distinct groups 
according to their diversity values, we did 
not include them as we do not consider 
them as particularly meaningful here.

For the inferential statistical tests, we 
used only one value for each Observato-
ry, i.e. mean, median, minimum, or maxi-
mum, depending on the specifi c variable. 
The analyses were carried out in a two-
step approach. First, we established Pear-
son correlation matrices among the pre-
dictors (Electronic Appendix 2), among 
the dependent variables (Electronic Ap-
pendix 3), and between predictors and 
dependent variables (Electronic Appen-
dix 4). Then we applied linear regression 
analyses for combinations of predictors 
and dependent variables with signifi cant 
and strong correlations and for which a 
causal relationship was plausible. We 
used both simple linear and second-order 
polynomial regressions when the data 

Table 1: Variables used in the statistical analyses
The majority are metric variables, while ordinal or categorical variables are indicated in square brackets. Similarly, transformations applied 
to achieve approximate normality of the data are given in square brackets. Detailed information on each of the variables is available in Sub-
chapter II.1.3

Type Variable group Variable(s) 

Predictor General data Latitude; Longitude; Altitude; Rainfall season [2 categories]; Biome  
[6 categories]; Intensity of landuse [4-point ordinal, in correlations 
treated as quasi-metric] 

 Climate (modelled data from Worldclim, 
Hijmans et al. 2005) 

Mean annual temperature; Minimum annual temperature; Maximum 
annual temperature; Annual temperature range; Diurnal temperature 
range; Annual precipitation; Percentage winter precipitation; Length 
of dry season; Aridity index (De Martonne) 

 Climate (data from BIOTA weather 
stations) 

Inter-annual precipitation variability; Relative humidity; Wind speed; 
Solar radiation; Potential evapotranspiration; Aridity index (UNEP) 

 Soil (chemistry) pH; Electrical conductivity [log-transformed]; Organic carbon [log-
transformed] 

 Soil (pedodiversity, after Petersen 2008, 
see also Petersen et al. 2010)  

Reference group richness; Soil unit richness; Soil unit evenness; Soil 
ecotype richness; Parametric space  

Biodiversity 
(dependent  
variable) 

-diversity Cumulative family richness (1 km2); Cumulative species richness 
(1 km2); Species richness (1 km2, selected year); Mean species 
richness (1 ha); Mean species richness (1000 m2); Maximum species 
richness (1000 m2); Mean species richness (100 m2); Maximum 
species richness (100 m2) 

 -diversity z-value (1000 m2 to 1 km2); z-value (1000 m2 to 1 ha); z-value (100–
1000 m2, calculated for individual pairs of nested plots); z-value (100–
1000 m2; “mean-to-mean”, i.e. calculated between the mean richness 
values per Observatory at that scales) 
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lated with several other parameters (see 
Electronic Appendix 2). Apart from triv-
ial relationships such as those between 
decreasing mean annual temperature 
and increasing winter precipitation with 
increasing latitude, differently trans-
formed variants of the same variable, or 
different measures of similar parameters 
(e.g. annual precipitation, length of dry 
season, and De Martonne’s aridity in-
dex, or among the various pedodiversity 
measures), the matrix also showed some 
more subtle connections between various 
aspects of the environment that need to 
be considered when interpreting corre-
lations between biodiversity parameters 
and environmental predictors. The strong 
negative correlation (|r| > 0.75) of soil 
pH with mean annual precipitation and 
with the two aridity indices was one of 
the more interesting relationships. Fur-
thermore, mean annual temperature was 
strongly positively correlated to diurnal 
temperature range and strongly negative-
ly correlated to annual temperature range 
in the study region. Finally, relative hu-
midity was strongly negatively correlated 
to diurnal temperature range. Many fur-
ther, less strong, but still signifi cant cor-
relations can be found in the Electronic 
Appendix 2.

Regarding species richness (density) 
as the most important measure of plant 
diversity, we found clear and consist-
ent relationships for the spatial scales 
100 m2 to 1 ha (see Electronic Appen-
dix 3). The strongest predictors were the 
precipitation-related parameters, given 
here in decreasing order of importance: 
length of dry season (negative, Fig. 6c), 
De Martonne’s aridity index (positive), 
mean annual precipitation (positive, 
Fig. 6b), and percentage winter precipi-
tation (positive), while the UNEP aridity 
index was only correlated at the hectare 
scale. The second most important pre-
dictor group were the soil chemical pa-
rameters, organic content (positive) and 
pH (negative, Fig. 5d). At the 1000-m2 
scale, mean annual temperature was 
also a weak negative predictor (Fig. 5a). 
 Species  richness at the 1-km2 scale 
showed similar patterns as at the three 
smaller scales, but with lower r-values in 
all cases. Additionally, species richness 

increasing with decreasing plot size dif-
ferences. The correlation of species rich-
ness for 1 km2 cumulated over all years 
with the single-year richness values was 
clearly lower (r = 0.535–0.887), indicat-
ing biases caused by the different num-
bers of years sampled as well as varying 
“identifi cation rates”. The latter might 
cause “infl ated” richness values due to 
varying fi eld names for the same taxon 
in different years (see Part II). (Cumula-
tive) family richness was positively cor-
related with cumulative species richness 
(r =  0.713) as well as with all other rich-
ness values.

Biodiversity patterns along 
the transects
The number of observed vascular plant 
families ranged from 1 in the Namib 
Desert (S34 Kleinberg) to 62 for two of 
the Fynbos Observatories (S31 River-
lands, and S32 Elandsberg; see Electronic 
Appendix 1). Generally, the family rich-
ness was highest in the Woodland Savan-
na and the Fynbos, lowest in the Namib 
Desert, and intermediate in the three other 
biomes (Fig. 1). For species richness, the 
differences between the biomes were 
even more pronounced at the analysed 
spatial scales of 100 m2, 1000 m2, 1 ha, 
and 1 km2 (Fig. 1 and Electronic Appen-
dix 1). The Observatories in the Fynbos 
Biome were the richest at all spatial scales 
except 1 km2, where the Observatories in 
the Succulent Karoo were equally spe-
cies rich (Figs. 1 & 2). The mean species 
density along the transects on 100 m2 was 
23.9 species, with an absolute minimum 
of 0 (at various Observatories, mainly in 
the Namib Desert) and an absolute maxi-
mum of 128 (S32 Elandsberg) (Fig. 2). 
The mean species density for 1000-m2 
plots was 40 species (maximum: 169 in 
S32 Elandsberg), 53.6 species for 1-ha 
plots (maximum: 183 in S32 Elandsberg; 
note that this scale was probably under-
sampled at various Observatories), and 
159 species at the 1-km2 scale (minimum: 
1 in S34 Kleinberg; maximum: 385 in S32 
Elandsberg) (Fig. 2). 

Drivers of biodiversity
The 30 abiotic parameters used to ex-
plain the biodiversity patterns showed 
a clear correlation pattern, with each of 

Fig. 1: Variability of the mean vascular plant 
taxon richness at different spatial scales 
compared between the Observatories of the 
six analysed biomes. Family richness is giv-
en as a cumulative value over all study years 
for the entire square kilometre. Species rich-
ness values at 1 km2 are for a selected year 
with particularly high recorded species rich-
ness (mostly 2008; see Electronic Appendix 
1), while the species richness data at the two 
smaller spatial scales are based on means 
over all years and all sampled hectare 
plots. The graphs depict medians (lines), 
inter-quartile ranges (boxes), inter-decile 
ranges (hinges), and extreme values (dots).
The differences between the biomes were 
signifi cant in all cases (tested with ANOVAs; 
p = 0.004 for family richness and p < 0.001 
for all other parameters).
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Fig. 2: Variability of vascular plant species richness along the BIOTA transects in southern Africa at three different spatial scales and com-
pared to mean annual precipitation (MAP). The species richness values at the 1-km2 scale are those for a selected year with particularly 
good recording quality (mostly 2008; see Electronic Appendix 1). For the graphs at the two smaller spatial scales, mean richness values of 
the individual hectare plots were used (i.e. averaged over all years). The graphs depict medians (lines), inter-quartile ranges (boxes), inter-
decile ranges (hinges), and extreme values (dots).

300

400

140

1 
km

2

0

100

200

300
 1

00
0 

m
2

60

80

100

120

80

100

0

20

40

 1
00

 m
2

20

40

60

80

A
P

 [m
m

]

400

600

0

M
A

0

200

M
ile

 4
6

to
m

po

Son
op

go
ng

o

jam
ba

m
bo

ro
dv

eld
ge

kr
y
om

be

lar
at

al

Nar
ais

ch
au

s
Nor

th

Sou
th
isa

nd
Alph

a
p 

Ost

ab
ao

s

Gan
ab

Kar
ios

ba
be

b

ba
ke

n
td

er
m
m

ee
s

Vlak
te

eh
oo

p
te

lga
t

rlo
re

n

on
te

in

ho
og

te

sh
oe

k
er

pa
n

rla
nd

s

ds
be

rg
Hop

e

Woodland
Savanna

Thornbush
Savanna

Nama
Karoo Succulent Karoo FynbosD

es
er
t

summer rainfall winter rainfall

S01
M

ile

S02
 M

ut
om

S03
So

S42
 O

go

S43
 O

m
an

o 
go

 N
dja

m

S06
 O

ka
m

b

S41
San

d

S04
Tog

g

S05
 O

tjia
m

on
go

m

S38
Clar

S39
 N

a

S40
 D

ur
uc

h

S08
 N

iko
N

S09
 N

iko
So

S37
 R

oo
is

S17
A

S10
 G

ell
ap

S11
 N

ab

S36
Ga

S12
Ka

S35
 G

ob
a

S16
 W

lot
zk

as
ba

S21
Gro

ot
d

S20
 N

um

S18
 K

oe
ro

eg
ap

 V
la

S26
 G

oe
de

h

S27
 R

at
e

S28
M

oe
dv

er
lo

S22
 S

oe
ba

tsf
on

S25
 R

em
ho

o

S24
 P

au
lsh

S29
 R

oc
he

r

S31
 R

ive
rla

S32
 E

lan
ds

b

S33
 C

ap
e 

of
Goo

d
H



PATTERNS AND DYNAMICS ALONG THE BIOTA TRANSECTS  123

B
IO

TA
 tr

an
se

ct
s140140

a) b)

ic
hn

es
s 

10
00

 m
2

60

80

100

120

S24
S25

S27

S31

S32

S22
S28

ch
ne

ss
 1

00
0 

m
2

60

80

100

120

S31

S32

S12

0 200 400 600

S
pe

ci
es

 r
i

0

20

40

S42
S43

S24S27

14 16 18 20 22 24

S
pe

ci
es

 r
i

0

20

40

S16 S35
S36

S21
S12

Mean annual precipitacion [mm]

10
00

 m
2

100

120

140

S32

Mean annual temperature [°C]

10
00

 m
2

100

120

140

S31

S32

c) d)

pe
ci

es
 r

ic
hn

es
s 

1

20

40

60

80

S42
S43

S22

pe
ci

es
 r

ic
hn

es
s 

1

20

40

60

80

S42
S43 S37

S22

S26
S27S28

S31

pH - value
5 6 7 8 9 10

S
p

0

20 S43S17

Dry season [months]
4 6 8 10 12

S

0

20 S43 S37

Soil ecotype richness

0 5 10 15 20

S
pe

ci
es

 r
ic

hn
es

s 
1 

km
2

0

100

200

300

400

S01

S02
S03

S04

S05
S06

S17

S10
S11

S39
S40

S16

S18

S20

S21

S22
S24S25

S26
S27

S32

S33

Fig. 5: Regressions of vascular plant species richness at 1000 m2 vs. four strong environmental predictors. The graphs show the linear 
regression lines with their 95% confi dence intervals. Dots for Observatories with unusually high or low richness values are labelled with 
their number (for meaning, see caption of Fig. 2). The regression functions for the predictors (x) are: (a) mean annual temperature [°C]: 
S = 126.4 – 4.5 x, r2 = 0.1241, p = 0.041; (b) mean annual precipitation [mm]: S = 17.64 + 0.08 x, r2 = 0.5553, p < 0.001; (c) Length of dry 
season [months]: S = 116.6 – 8.1 x, r2 = 0.4622, p < 0.001; (d) median soil pH: S = 102.3 – 8.7 x, r2 = 0.1822, p = 0.026.

Fig. 6: Linear regression of vascular plant species richness (S) dependent on soil ecotype richness (a measure of pedodiversity) at the 
Observatory level (x). The graph shows the regression line with its 95% confi dence interval. The points are labelled with the Observatory 
numbers (see caption of Fig. 2). The linear regression (S = 89.9 + 9.5 x) was highly signifi cant (p = 0.003; r2 = 0.3616).
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even be associated with lower species 
richness. Finally, it should be mentioned 
that some of the Observatories had unex-
pectedly high or low richness values that 
could not be explained by any of the ana-
lysed predictors. Most notable was the 
Observatory S32 Elandsberg, with rich-
ness values always occurring far above 
the regression lines (Figs. 5–7). The Ob-
servatories Soebatsfontein (S22), Rem-
hoogte (S25), and Riverlands (S31) also 
showed unexplainably high richness val-
ues. Negative deviations from regression 
lines were much more idiosyncratic, with 
only the Observatories Ogongo (S42) 
and Omano go Ndjamba (S43) frequently 
showing negative deviations.

Family richness responded very simi-
larly to the species richness values of the 
different scales to mean annual precipita-
tion, aridity indices, soil organic carbon 
content, and pH (see Electronic Appen-
dix 4). In addition, we found signifi cant 
infl uences of landuse intensity (weakly 
positive), electrical conductivity of the 
soils (strongly negative), annual temper-
ature range (weakly positive), and solar 
radiation (weakly negative), while the 
pedodiversity measures were completely 
irrelevant for this biodiversity parameter 
(Electronic Appendix 4).

Interestingly several environmental 
parameters were of secondary impor-
tance and showed no, or only very few, 
signifi cant (linear) relationships with any 
of the biodiversity measures. These pa-
rameters were altitude, soil-taxonomic 
richness and evenness of soils, maximum 
temperature, diurnal temperature range, 
relative air humidity (only a weak rela-
tionship with S100 m²). Landuse intensity 
showed a weak positive correlation with 
family richness at the 1-km2 scale and 
with the β-diversity at the transition from 
100 m2 to 1000 m2. 

Scale-dependence of biodiversity
One means of to describing scale-depend-
ency of taxon richness, the fundamental 
measure of biodiversity, is through the 
so-called z-values. They represent the 
slope of the species-area relationship in 
the log-log representation, and thus de-
scribe the relative increase of richness 
with increasing grain size, but can also 

amount of precipitation. Furthermore, 
the addition of a second-order polyno-
mial term in all six cases lead to a strong 
increase in explained variance, while the 
AIC decreased in four cases compared to 
a simple linear model (meaning that the 
quadratic model is more appropriate), re-
mained identical in one case, and slightly 
decreased in the last case (100 m2, win-
ter rainfall). The always negative quad-
ratic term in the polynomial regressions 
of Fig. 7 indicates that, beyond a certain 
threshold, additional precipitation did 

at this scale was strongly positively cor-
related to various measures of pedodiver-
sity, in particular to soil ecotype richness 
(Fig. 6) and to soil parametric space. A 
closer look at the link between precipita-
tion patterns and species richness at three 
different spatial scales, revealed that both 
the total amount of precipitation and the 
season in which it mainly falls, play a 
crucial role (Fig. 7). Winter rainfall re-
gions have a consistently two to three 
times higher species richness than sum-
mer rainfall regions with the same total 
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is therefore not analysed further. The z-
value for the transition from 1000 m2 to 
1 km2 was higher than that for the tran-
sition from 100 m2 to 1000 m2 for only 
fi ve out of 32 Observatories, with two 
out of three of these being Fynbos Ob-
servatories. The variation of the z-values 
between Observatories was much lower 
than the variation within Observatories 
(Fig. 3), with only slightly signifi cant dif-
ferences among the six biomes (Fig. 4). 
The  lowest z-values at both of the two 
transitions studied were found in the Fyn-
bos Biome, while above-average z-values 
occurred at the Observatories of the Suc-

be considered as a measure of β-diversity 
because high z-values represent a high 
spatial turnover in species composition. 
Furthermore, comparison of z-values be-
tween spatial scales allows for the inves-
tigation of the scale-dependence itself, 
i.e. how the degree of scale-dependence 
changes with grain size.

The z-values varied widely within 
most of the Observatories, and this vari-
ability was particularly high in the driest 
parts of the BIOTA transects (Fig. 3). 
The mean z-value of the transition from 
100 m2 to 1000 m2 (“mean-to-mean”) for 
all studied Observatories was 0.2679, 
with a minimum of 0.1369 at Cape of 
Good Hope (S33) and a maximum of 
0.8373 at Gobabeb (S35) (see Elec-
tronic Appendix 1). The mean z-value 
of the transition from 1000 m2 to 1 km2 
was only slightly lower (0.2207) with a 
minimum of 0.1313 at Alpha (S17) and 
a maximum of 0.5927 at Gobabeb (S35). 
In contrast, the mean z-value at an inter-
mediate scale (1000 m2 to 1 ha) was only 
0.1171 (Electronic Appendix 1), indicat-
ing that the allocated time did not allow 
complete censuses of the hectare plots 
at many Observatories. The 1-ha scale 

z-
va

lu
e 

0.
00

1-
1 

km
2

0.1

0.2

0.3

0.4

0.5

0.6

W
oo

dla
nd

 S
av

an
na

Tho
rn

bu
sh

Sav
an

na

Nam
a K

ar
oo

Nam
ib 

Des
er

t

Suc
cu

len
t K

ar
oo

Fyn
bo

s

z-
va

lu
e 

10
0 

-1
00

0 
m

2

0.2

0.4

0.6

0

200

400

600

800

Mile
 46

M
ut

om
po

Son
op

Oka
m

bo
ro

San
dv

eld

Tog
ge

kr
y

Otjia
m

on
go

m
be

Clar
at

al

Nar
ais

Dur
uc

ha
us

Niko
 N

or
th

Niko
 S

ou
th

Roo
isa

nd
Alph

a

Gell
ap

 O
st

Nab
ao

s

Gan
ab

Kar
ios

Gob
ab

eb

W
lot

zk
as

ba
ke

n

Gro
ot

 D
er

m

Num
ee

s

Koe
ro

eg
ap

 V
lak

te

Goe
de

ho
op

Rate
lga

t

Moe
dv

er
lor

en

Soe
ba

tsf
on

te
in

Rem
ho

og
te

Pau
lsh

oe
k

Rive
rla

nd
s

Elan
ds

be
rg

Cap
e o

f G
oo

d
Hop

e

M
ea

n 
an

nu
al

 p
re

ci
pi

ta
tio

n

0

200

400

600

800

z-
va

lu
e 

fr
om

 1
00

 m
2

to
 1

00
0 

m
2

0.0

0.2

0.4

0.6

0.8

1.0

Fig. 3: Variability of the z-values within and between Observatories along the BIOTA transects in southern Africa. The z-values shown are 
for the transition from 100 m2 to 1000 m2 and based on means per hectare plot (i.e. averaged over all years). The graphs depict medians 
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Fig. 4: Variability of the mean z-values 
between the Observatories of the different 
biomes. The z-values are the slopes of 
a power-law species-area relationship in 
log-log representation and here based on 
the comparison of mean richness values 
for the different spatial scales within the 
particular square kilometre of the respective 
Observatory (“mean-to-mean”). The graphs 
depict medians (lines), inter-quartile ranges 
(boxes), inter-decile ranges (hinges), and 
extreme values (dots) within the biomes. 
The differences between the biomes were 
signifi cant in all cases (tested with ANO-
VAs; p = 0.023 for z1000 m

2
–1 km

2, p = 0.044 for 
z100–1000 m

2). 
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Photo 3: Vegetation at the Observatory Ogongo (S42) in the 
 Oshana system of the Woodland Savanna. Photo: N. Classen.

Photo 4: Thornbush Savanna vegetation at the Observatory 
Okamboro (S06). Photo: J. Deckert.

Photo 5: Nama Karoo vegetation at the Observatory Gellap Ost 
(S10). Photo: A. Hoffmann.

Photos 6: Arthraerua leubnitziae along a dry river bed at the desert 
Observatory Kleinberg (S34). Photo: N. Jürgens.

Photos 7: Succulent Karoo vegetation at the Observatory Goede-
hoop (S26). Photo: U. Schmiedel.

Photo 8: Fynbos vegetation at the Observatory Elandsberg (S32). 
Photo: G. Miehlich.
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the importance of mean annual tempera-
ture, percentage winter precipitation, 
and inter-annual precipitation variability 
increased.

Change of biodiversity in time
During the nine-year study period, most 
Observatories showed highly consist-
ent diversity changes, i.e. there were 
only minor variations among the differ-
ent 1000-m2 plots within individual Ob-
servatories (Fig. 8). Only the Observato-
ries S31 (Riverlands) and S42 (Ogongo) 
showed higher within-Observatory vari-
ation. Of the 23 Observatories analysed, 
16 showed an increase in richness, six 
no signifi cant change, and only one a 
decrease (Fig. 8). The highest signifi cant 
mean annual increases in species rich-
ness at the 1000-m2 plot level occurred on 
the Observatories Koeroegap Vlakte S18 
(+2.2 species year–1), Otjiamongombe, 
S05 (+2.1 species year–1), and Okamboro 
S06 (+1.9 species year–1), while the only 
signifi cant decrease was at the Observa-
tory Wlotzkasbaken S16 (–1.0 species 
year–1).

different habitats according to species 
richness or the relative importance of 
drivers varies at different spatial scales 
(i.e. grain sizes). While we found rather 
consistent patterns at all analysed spatial 
scales from 100 m2 to 1 km2 in the ma-
jority of cases (see Electronic Appendi-
ces 3 and 4), there were some striking 
exceptions. For example, the Fynbos 
Biome was by far the most species rich 
at the 100-m2 and 1000-m2 scales, but 
at the 1-km2 scale the Succulent Karroo 
reached the same level of biodiversity 
(see Fig. 1, Table 2). For species rich-
ness, similar predictors played a role 
at the three spatial scales of 100 m2, 
1000 m2, and 1 km2, but their relative im-
portance clearly changed (see Electronic 
Appendix 4). Soil ecotype richness was 
only a signifi cant positive predictor 
at the 1-km2 scale, and soil parametric 
space increased in importance with in-
creasing grain size. The importance of 
pH-value, mean annual precipitation, De 
Martonne’s aridity index, and the length 
of dry season for species richness de-
creased with increasing grain size, while 

culent Karoo and the Namib Desert, and 
also in those of the Nama Karoo at the 
larger scale (Fig. 4).

The z-values for the transitions 100–
1000 m2 and 1000 m2–1 km2 (as meas-
ures of β-diversity) were related to quite 
different environmental variables than 
the α-diversity measures (see above re-
sults on biodiversity patterns along the 
transects). Most strikingly, the z-values at 
both scales showed inverse relationships 
to mean annual precipitation, length of dry 
season, and De Martonne’s aridity index, 
i.e. they increased with increasing aridity 
(Electronic Appendix 4). Furthermore, the 
z-values at the larger scale also showed a 
positive relationship to soil pH (i.e. they 
increased with increasing pH). The z-val-
ues were positively correlated with mini-
mum temperature and with pedodiversity 
measures, with signifi cant relationships to 
soil reference group richness at both spa-
tial scales and additional strong relation-
ships to soil ecotype richness and para-
metric space at the larger scale.

A fi nal aspect of scale-dependency is 
the question of whether the ranking of 

Fig. 8: Mean annual changes in species richness of the major perennial life forms phanerophytes and chamaephytes on 1000-m2 plots over the 
observed period (2–9 years). The graphs depict medians (lines), inter-quartile ranges (boxes), inter-decile ranges (hinges), and extreme values 
(dots). The symbols after the Observatory names denote the signifi cance of richness changes: ns: p ≥ 0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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Beta-diversity within the            
Observatories along the transect 
The very high range in species turnover 
(β-diversity) on the desert Observato-
ries refl ects the huge relative difference 
between the extremely low species rich-
ness (i.e. even completely vegetation-less 
plots are frequent) at the small and me-
dium plot scale (i.e. 100 m2 and 1000 m2) 
and reasonable totals of 28 (Wlotzkas-
baken, S16) and 33 species (Gobabeb, 
S35) at the 1-km2 scale. This high species 
turnover is driven by micro-topography 
that infl uences the run-on and -off of 
the surface water during scarce rainfall 
events and exposure to fog, i.e. climatic 
and soil-related drivers that are not re-
fl ected in the parameters included in our 
analyses. 

The comparatively high beta-diversity 
values for the two Nama Karoo sites, 
Gellap Ost and Nabaos (S10 and S11), 
which exceeded that of all other Nama 
Karoo, Thornbush and Woodland Sa-
vanna Observatories, can also be related 
to small-scale differences in water supply 
(Petersen 2008). This author describes 
these differences as being related to soil 
physical properties such as texture and 
the available rooting space, i.e. content of 
coarse fragments and depth to bedrock. 

The extraordinarily broad range of 
 z-values at the Succulent Karoo site 
Goedehoop (S26) and the comparatively 
high mean values for the Moedverloren 
Observatory (S28) are to a large extent 
related to soil heterogeneity that is also 
refl ected in the high diversity of soil eco-
types. These two Observatories are char-
acterised by the dominance of a special 
habitat type, the quartz fi elds. High vari-
ance in soil chemical features like soil 
pH and electrical conductivity within a 
distance of a few meters, which is typi-
cal for the quartz fi elds (Schmiedel & 
Jürgens 1999, Schmiedel 2002, see also 
Chapter III.4), drives the extraordinarily 
high species turnover in this landscape 
(Schmiedel 2002). The quartz fi elds at the 
Ratelgat Observatory (S27) are less pro-
nounced and more strongly mixed with 
zonal soils within the plots, thus, result-
ing in relatively higher species richness 
per 100 m2 and 1000 m2 plot but also in 
lower species turnover (lower z-values) 
between the different sized plots. 

2005), at larger spatial scales (> 10 km2) 
but only moderately so on smaller spatial 
scales (< 0.1 ha) (Cowling et al. 1996, 
1998). According to our data (low z-val-
ues), the species richness of the Fynbos 
Biome shows a lower relative increase 
with increasing plot sizes than it does in 
the other biomes. At our largest spatial 
scale of 1 km2, the cumulative species 
richness of the Succulent Karoo and the 
Fynbos Biomes were comparable. Cowl-
ing et al. (1997) have shown that “local” 
(i.e. 1000 m2 = 0.1 ha) species richness in 
the Fynbos Biome is similar to, or even 
lower than, that of the Succulent Karoo 
and the Savanna. The “regional” species 
richness (i.e. biome-scale) of the differ-
ent Fynbos types, however, exceeds that 
of all other biomes. The differences in 
species richness between Fynbos and the 
other biomes as described in the literature 
(see above) may only become measur-
able at larger spatial scales that are not 
covered by the BIOTA Observatory de-
sign (i.e. > 10 km2). 

The plant diversity at Elandsberg Ob-
servatory (S32) was exceptional at all 
spatial scales and was an outlier in all 
regressions of species richness with po-
tential soil-related and climatic drivers 
of plant diversity. With regard to soil fea-
tures (see Article III.3.3), the Elandsberg 
Observatory did not show any unique 
characteristics compared to the less di-
verse Observatory at Cape of Good Hope 
(S33), for instance. Most of the vegetation 
at the Elandsberg Observatory forms part 
of the Swartland Alluvium Fynbos, but it 
also borders the Swartland Shale Renos-
terveld (Rebelo et al. 2006, see also Part 
II, Observatory S32). The exceptionally 
high species richness on Elandsberg Ob-
servatory may also be caused by its eco-
tone character between the two vegetation 
types, Fynbos and Renosterveld. The high 
species richness could additionally be re-
lated to the geomorphologic situation of 
the Observatory at an alluvial fan, which 
might have caused and still cause an input 
of diaspores of mountainous plants into 
this low-lying area. The species richness 
of the Elandsberg area has been known to 
science for some time and this is the rea-
son for its conservation (Part II, Observa-
tory S32) and the various research activi-
ties of BIOTA at that site (Chapter III.5). 

Discussion

Biodiversity patterns along 
the transect
The species richness at different spatial 
scales along the BIOTA Southern Af-
rica transects responded positively to the 
mean annual precipitation, but there were 
some exceptions. In northern Namibia in 
the Woodland Savanna, species richness 
was not higher than for the Thornbush 
Savanna, regardless of the higher mean 
annual precipitation there. Species rich-
ness in the north-west of Namibia at the 
two Observatories, Ogongo (S42) and 
Omano go Ndjamba (S43), was even 
lower than that of the Thornbush Savanna 
and had values similar to the much more 
arid Nama Karoo. These two Observa-
tories fall within the northern Namibian 
vegetation type Mopaneveld (dominated 
by mopane, Colophospermum mopane), 
which forms part of the Woodland Savan-
na and is characterised by dense canopy 
cover and comparatively sparse under-
storey vegetation. The Mopaneveld in the 
more humid northern Namibian is known 
to be particularly species poor compared 
to less humid Mopaneveld in other south-
ern African regions (Siebert et al. 2003). 
Species richness of Mopaneveld has of-
ten been found to be dependent on the 
cover of mopane. High cover of mopane 
results in low species richness, whereas a 
higher species richness is noted in areas 
with low mopane cover (O’Connor 1992, 
cited in Siebert et al. 2003). Landuse ef-
fects on Omano go Ndjamba have an ad-
ditional negative effect on species rich-
ness outside the Agricultural Research 
Station Ogongo (see Part II, Observatory 
S43). The two Observatories also rep-
resent unusual habitat conditions due to 
ephemeral, additional water infl ux from 
Angola (i.e. Oshana system) as well as 
the high accumulation of salt in the sub-
soil layers (compare Part II, Observatory 
S42 and S43). 

The species richness on the Fynbos 
Observatories was signifi cantly higher 
than on any other Observatories along 
the transect. The Fynbos Biome with its 
Mediterranean climate is renowned for its 
high species richness, which is described 
to be particularly high even in terms of 
global standards (Mutke & Barthlott 
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and run-off. These differences in soil 
acidity drive species turnover and thus 
species richness at larger spatial scales 
(Schmiedel & Jürgens 1999). 

This important infl uence of soil and 
habitat diversity on species richness in 
southern Africa is revealed by the highly 
signifi cant regression between vascular 
plant species richness and soil ecotype 
richness at 1 km2. The complex parame-
ter “soil ecotype richness” refl ects the di-
versity of the combinations of four plant-
relevant soil properties recorded at each 
Observatory. These are soil pH (indicat-
ing acidity and alkalinity), electric con-
ductivity as a measure of salt enrichment, 
amount of fi ne particles (i.e. clay and silt) 
as a proxy for water storage ability, and 
organic carbon content, which is thought 
to refl ect nutrient supply. The spatial 
distribution of this complex-parameter 
along the transect revealed highest val-
ues for the Succulent Karoo (see Elec-
tronic Appendix 3). This high diversity 
in soils of the Succulent Karoo Biome 
has been described earlier (Francis et 
al. 2007, Herpel 2008, Petersen 2008, as 
well as Article III.3.3) and its role as gen-
eral driver of the species richness in the 
Succulent Karoo has been illustrated by 
various studies (Jürgens 1986, Schmiedel 
& Jürgens 1999, Herpel 2008, see also 
Chapter III.4). However, other factors 
not included in the analysis, such as the 
predictability of winter rainfall (Hoffman 
& Cowling 1987), moderate temperature 
conditions, as well as regular occurrence 
of droughts, which result in high within-
site species turnover (Jürgens et al. 1999) 
have also been described as potential 
drivers of the high species richness of 
the arid Succulent Karoo (Cowling et al. 
1998). 

Plant diversity in the Fynbos Biome

The Elandsberg Observatory (S32) al-
ways and the Riverlands Observatory 
(S31) frequently were outliers in our re-
gression analyses, for both climatic and 
soil related predictors (Figs. 5–7). They 
even exceed the species richness of the 
Observatory Cape of Good Hope (S33) 
on the Cape Peninsula, which had been 
reported as one of the most species-rich 
phytogeographic centres of the Cape 

higher diversity in the Succulent Karoo 
and related this mainly to climatic factors 
such as the higher predictability of winter 
rainfall (lower coeffi cient of variation) in 
the Succulent Karoo (see also Hoffman 
& Cowling 1987). In addition to this, our 
data show that the low winter rainfall re-
gions are characterised by high richness 
in soil ecotypes (see also Article III.3.3), 
which has a strong positive relationship 
with species richness at 1 km2 in the Suc-
culent Karoo. 

Soil-related drivers 

Median soil pH per Observatory was 
negatively correlated with species rich-
ness. As soil pH is typically low in re-
gions with high annual precipitation 
in the study area due to leaching of the 
soils, which reduces soil pH (see also 
Article III.3.3 and discussion on the 
fi ndings in a global context), this does 
not necessarily mean a causal relation-
ship, while on the other hand this col-
linearity does also not exclude that soil 
pH might affect plant diversity directly. 
The same negative relationship between 
single values of soil pH and species rich-
ness per plant life form per 100 mm2 was 
found by Medinski et al. (2010) along 
the same transect. They further showed 
that the species richness of the fi ve main 
life forms (i.e. chamaephytes, phanero-
phytes, hemicryptophytes, therophytes 
and geophytes) responded differently to 
the tested soil properties. They concluded 
that soil infi ltration, clay and silt content, 
electrical conductivity, and soil pH are 
the most relevant properties to be tested 
in plant diversity research. However, our 
analyses using mean values of electrical 
conductivity per Observatory did not re-
veal any signifi cant relationship between 
electrical conductivity and plant species 
richness. For future analyses we plan to 
use single values and ranges of electrical 
conductivity as well as other soil param-
eters such as clay and silt content. 

In the Succulent Karoo, where the ma-
jority of the precipitation occurs as low-
intensity rainfall from low pressure cells 
(Desmet & Cowling 1999), the leaching 
effect of precipitation is typically lower 
(Article III.3.3). This results in higher 
overall soil pH-values overall but also a 
broader range of pH-values due to small-

The low β-diversity of the Fynbos 
Observatories at a scale of up to 1 km2 
refl ects the generally high species rich-
ness in this biome, which showed a com-
paratively low relative increase between 
the spatial scales covered by the Ob-
servatories (100 m2 to 1 km2). However, 
a signifi cant increase in species richness 
can be expected at larger spatial scales 
(> 10  km2), along topographic and soil-
fertility gradients, as described by other 
studies (Cowling 1990, Cowling et al. 
1996). 

Drivers of biodiversity 
Climatic drivers

Mean annual precipitation and length of 
dry season showed a signifi cant relation-
ship to species richness at the 1000 m2 
scale. Length of dry season was negative-
ly correlated whereas mean annual pre-
cipitation was positively correlated with 
species richness. Both variables were 
strongly negatively correlated to each 
other as the length of dry season depends 
on the mean monthly precipitation, which 
is typically low in the arid regions. This 
correlation was not unexpected, taking 
into account the steep rainfall gradient 
along which the BIOTA Observatories 
had been arranged. The Fynbos Observa-
tories with the highest species richness 
were associated with a short dry season, 
whereas the desert Observatories with 
the longest dry season had the lowest spe-
cies richness. Mean annual precipitation 
was closely related to species richness for 
the 1000-m2 plots, with the Observatories 
of the Namib Desert having lowest spe-
cies richness. The Fynbos Observatories, 
which receive the highest annual pre-
cipitation along the transect, possess the 
highest species richness. However, we 
cannot exclude with our data that other 
factors that change collinearly with mean 
annual precipitation and rainfall season, 
also play a role in creating and maintain-
ing the exceptional species richness in 
the Fynbos Biome. 

The signifi cant overall difference be-
tween species richness in the winter and 
the summer rainfall regions is not com-
pletely new to science. In their compari-
son of the two arid biomes of the Suc-
culent Karoo and Nama Karoo, Cowling 
et al. (1994, 1998) identifi ed the much 
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species richness) has also been observed 
in many extremely meticulous local case 
studies such as those carried out in the 
Richtersveld at Numees (S20) (compare 
Part II, Observatory S20) and in the Kn-
ersvlakte of the Succulent Karoo. Despite 
an increase in inter-annual variability of 
precipitation and of annual maximum and 
mean temperatures during the last dec-
ades, populations of Knersvlakte endem-
ic, quartz fi eld-dwelling plants showed 
an increase in species richness over 13 
years of monitoring (U. Schmiedel, un-
published data). Overall, we consider the 
measured increases in species diversity 
in this study during the last decade to be a 
robust result. However, this fi nding does 
not justify an overoptimistic projection 
of southern African’s biodiversity into 
the future, as passive warming experi-
ments have shown that projected future 
climate change may have a detrimental 
impact on just these species (Musil et al. 
2009).

The fi ndings seen in a 
global context
It is not an easy task to compare our 
richness values from southern Africa at 
spatial scales between 100 m2 and 1 km2 
with data from other regions of the 
World, because spatially representative, 
high-quality biodiversity data at that 
grain size are globally still very scarce. 
At the 1-km2 scale, to our knowledge, 
only the Swiss Biodiversity Monitoring 
(BDM) has produced similar data repre-
sentative for the whole of Switzerland, 
which is still a small area compared to 
the region covered by BIOTA South-
ern Africa (see Table 2). As the 1-km2 
data shown in this article, also the Swiss 
data are not really complete censuses of 
the square kilometre but are based on a 
2.5-km transect systematically arranged 
within the one square kilometre, with 
the species at both sides of the transect 
being recorded (BUFA 2009). However, 
the degree of completeness might be 
similar to our case where the 1-km2 val-
ues are usually based on 20 hectare plots 
that are placed in a stratifi ed-random 
manner. The values of our Fynbos and 
Succulent Karoo Observatories exceed 
the average Swiss biodiversity level, 

cies and life form composition of vascu-
lar plants (Todd & Hoffman 1999, 2009, 
Riginos & Hoffman 2003, Anderson & 
Hoffman 2007, Haarmeyer et al. 2010, 
Wesuls & Lang 2010, and unpublished 
results of D. Wesuls & J. Dengler). The 
main change is often described as a shift 
in the ratio woody to non-woody plants. 
In the Succulent Karoo Biome, species 
composition changed from vegetation 
dominated by palatable shrubs to sparser 
perennial vegetation, with mainly non-
palatable shrubs (e.g. Galenia africana, 
kraalbos) and more annuals and geo-
phytes, which cover the open patches af-
ter good seasonal rains (Todd & Hoffman 
1999, 2009). Vegetation changes in the 
Thornbush Savanna are characterised by 
an increase of medium-sized Acacia trees 
(e.g. Acacia mellifera) that replace the 
palatable grass biomass (de Klerk 2004). 

Change of biodiversity in time
A clear majority of the Observatories (16 
of 23) showed increases in species rich-
ness over the years of the BIOTA project. 
This increase was fairly evenly distrib-
uted along the transect, although it was 
slightly less in the southern parts of the 
Succulent Karoo and in the Cape region. 
By contrast, only one Observatory expe-
rienced a signifi cant decrease in species 
density. 

The observed increase in species rich-
ness could partly be an artefact of im-
proved performance of the collectors 
of monitoring data and the project as a 
whole. Particularly in the larger plots, 
observers would more likely fi nd spe-
cies whose occurrence they knew from 
the previous year(s) than detect an un-
expected “new” species. In this way, 
the number of species recorded per plot 
might have increased over the years more 
than the actual species number did. How-
ever, a similar increase of species rich-
ness was also found for the smaller plot 
sizes (100 m2, data not shown), where the 
chance of missing a species were much 
lower, suggesting that this pattern likely 
refl ects real increase in species richness 
on the Observatories over the study pe-
riod. Furthermore, the observation data 
also indicated repeated phases of species 
richness decrease (e.g. in drought years) 
and recovery (e.g. following good rains). 

Floristic Kingdom at larger spatial scales 
(Goldblatt & Manning 2002). The ex-
traordinarily high species richness on 
these Observatories can only partly be 
explained by the analysed variables. 
Other biotic and abiotic drivers such 
as topographic diversity, nutrient-poor 
soils, fi re, and fl oristic and climatic his-
tory have been identifi ed as responsible 
factors driving this exceptional species 
richness (Cowling 1990, Goldblatt & 
Manning 2002). Finally, it should be 
highlighted that our mean species rich-
ness for 1000 m2 on Elandsberg (123.7) 
already exceeds the highest single spe-
cies richness count (i.e. 121 species) that 
has been published for Fynbos vegetation 
to our knowledge so far (Cowling et al. 
1992), while our maximum single-count 
values for both Observatories Elandsberg 
(168) and Riverlands (143) are far above.

Landuse as a driver 

The impact of landuse along the BIOTA 
transect, as an important driver of plant 
species richness at the local- to biome-
scale was not the focus of this transect-
wide analysis. The absence of signifi cant 
effects of the simplifi ed landuse intensity 
classes and species richness along the 
transect does not mean that landuse in-
tensity does not have an impact on plant 
diversity. Various aspects of landuse im-
pact on plant diversity are presented else-
where in this book (e.g. Articles III.5.6, 
III5.5, III.5.7, and Part IV). Further anal-
ysis of landuse impact on plant diversity 
and species composition based on the 
botanical data from the BIOTA Observa-
tories will be the focus of separate analy-
ses at the local- to biome scale. However, 
some of the Observatory pairs with dif-
ferent landuse intensity (i.e. Ogongo – 
Omano go Ndjamba, Gellap Ost – Na-
baos, Remhoogte – Paulshoek) seem to 
show a trend of lower species richness at 
both 100-m2 and 1000-m2 scales under 
intensive landuse. However, this trend is 
not consistent and the effect seems to be 
strong at a small scale at some sites and 
at larger scales at other sites. Decline in 
total species richness does not seem to be 
the main effect of landuse impact. Stud-
ies from different biomes of southern 
Africa rather showed that unsustainable 
land management may change the spe-
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we found the strongest relationship of 
species richness at 100 m2–1 km2 with 
factors related to climate-driven water 
availability, and the second strongest to 
soil chemical parameters, while soil het-
erogeneity only played a role at the 1-km2 
scale.

However, when considering the in-
dividual parameters, our fi ndings show 
clear deviations from patterns found 
elsewhere or at a global scale. Generally, 
a positive relationship between energy, 
measured for example as mean annual 
temperature or potential evapotranspira-
tion (PET), is assumed (Gaston & Spicer 
2004), and has been proven at a global 
scale for many taxa, including vascular 
plants (Mutke & Barthlott 2005, Kreft & 
Jetz 2007). We found no effect of PET 
and even a negative correlation of spe-
cies richness with mean annual tempera-
ture, which deviates from these widely 
accepted macroecological patterns. This 
variation could be attributed to peculiari-
ties of our study region, e.g. the widely 
acknowledged, yet not fully understood 
unique position of the Cape Floristic 
Kingdom among the Floristic Kingdoms 
of the world (Kreft & Jetz 2007). How-
ever, we also assume that the very dif-
ferent grain sizes analysed contribute to 
the differences in the results from those 
global-scale studies. Mutke & Barthlott 
(2005) and Kreft & Jetz (2007) based 
their analyses on species richness counts 
standardised to 10,000 km2, while we 
analysed grain sizes of 0.0001–1 km2. It 
is generally accepted though rarely tested 
directly that different processes shape di-
versity patterns at different spatial scales 
(e.g. Willis & Whittaker 2002, Field et al. 
2009). 

While decreasing species richness 
with altitude or a mid-altitudinal peak 
in species richness are among the most 
frequently reported macroecological pat-
terns for many taxa at practically any 
grain size (e.g. Gaston & Spicer 2004, 
Wohlgemuth et al. 2008), we did not fi nd 
such a pattern in our data. One explana-
tion could be that collinearity of altitude 
with other, stronger predictors masked 
the altitudinal pattern. For example, our 
summer-rainfall Observatories were lo-
cated at a mean altitude of 1124 m a.s.l., 

place the Fynbos among the biomes and 
habitats with the highest species density 
at that scale worldwide.

The z-values are a widely used and 
readily interpretable way to measure 
scale dependency and spatial turnover 
of biodiversity (e.g. Drakare et al. 2006, 
Dengler 2009). The range of values re-
corded in our study, with a mean of 0.268 
for the transition 100–1000 m2 and 0.221 
for the transition 1000 m2–1 km2, is simi-
lar to values reported worldwide (Craw-
ley & Harral 2001, Dolnik 2003, Fridley 
et al. 2005, Drakare et al. 2006). Given 
the fact that for most Observatories the 
richness values at the 1-km2 scale are 
probably underestimations (see above), 
we found on average hardly any scale-
dependency of z-values. This contrasts 
to the fi ndings of Drakare et al. (2006) 
who in their meta-analysis found a sys-
tematic increase of z-values between 1 m2 
and 1 km2 for nested sampling designs, 
while Crawley & Harral (2001) in their 
single study found an increase up to ap-
proximately 1 ha followed by a decrease 
thereafter. The fact that we found much 
more variation in z-values within rather 
than between Observatories is similar to 
the higher variation within rather than be-
tween European dry grassland vegetation 
types (Jeschke et al. 2007), and indicates 
that z-values are obviously not a prop-
erty specifi c to vegetation types but more 
determined by small-scale variation pat-
terns in abiotic conditions or disturbance. 
Finally, we could not confi rm in our da-
taset the pole-ward decrease of z-values 
found by Drakare et al. (2006) in their 
meta-analysis.

Regarding the drivers of biodiversity 
patterns, a recent comprehensive meta-
analysis by Field et al. (2009) compared 
six non-exclusive types of hypotheses: 
(i) climate/productivity; (ii) environmen-
tal heterogeneity; (iii) edaphics/nutrients; 
(iv) area; (v) biotic interactions; and (vi) 
dispersal/history. They found that, for 
plants, generally climate/productivity 
and edaphics/nutrients are the most im-
portant diversity drivers and that edaph-
ics/nutrients are particularly important at 
scales below 1 km2, while measures of 
environmental heterogeneity (such as our 
pedodiversity parameters) do not play a 
particularly important role. Our results 

while the four other biomes lie below 
(Table 2). The reported values for a rela-
tively small section of a cultural land-
scape in the United Kingdom (Crawley 
& Harral 2001) lie far below Switzerland 
and correspond well to the median value 
of our complete transects (Table 2). For 
tropical forests as the most species-rich 
habitat type at larger spatial scales, we 
are not aware of any complete censuses 
of all vascular plants for full square kil-
ometres, but there are various detailed 
counts of woody plants (which are the 
absolutely dominating life form there) 
of 0.5-km2 areas (Plotkin et al. 2000). 
While the maximum values there far ex-
ceed our data range, the median value is 
very similar to our two most species rich 
biomes (Table 2).

For the scales of 1000 m2 and 100 m2 
slightly more data are available, mostly 
from the temperate zones. According 
to an extensive global compilation of 
published richness maxima at different 
spatial scales (J. Dengler, unpublished 
data), the documented maximum value 
for 1000 m2 seems to be 179 vascular 
plant species in an open Pistacia shrub-
land in Israel (Mediterranean zonobiome; 
Naveh & Whittaker 1979) as well as in 
one plot in North Carolina, United States 
(laural zonobiome; vegetation type not 
reported; Fridley et al. 2005). On aver-
age, the values in the temperate zones are 
much lower and their medians are below 
the values of our Fynbos and Succulent 
Karoo Observatories, partly also below 
the values of the two savanna biomes 
(Table 2). The highest species densities at 
100 m2 are known from semi-natural dry 
grasslands in the temperate zone of Eu-
rope with a maximum of 133 (M. Chytrý, 
Brno, pers. comm.) and 127 (Dengler et 
al. 2009) vascular plants species in man-
aged semi-dry grasslands of Czechia and 
Romania, respectively, and 140 species 
when including also non-vascular plants 
(cryptogam-rich dry grassland in Estonia; 
Dengler & Boch 2008). At the 100-m2 
and 1000-m2 scales, tropical rain forests 
are typically less species-rich (see Wil-
liamson 2003). Thus, we can conclude 
our recorded maxima (169 vascular plant 
species on 1000 m2 and 128 on 100 m2, 
both on Observatory Elandsberg, S32) as 
well as our median values (see Table 2) 
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bal context revealed that the botanical 
diversity data along the major climatic 
gradient and across six biomes in south-
ern Africa is unique not only in terms of 
regional but also global standards. Com-
parable data assessed at different spatial 
scales and with a standardised approach 
are scarce. Our data thus support, amend, 
and refi ne existing comparative analyses 
on the diversity patterns of biomes in 
southern Africa. They also provide the 
basis for further analyses of local to re-
gional plant diversity patterns and their 
abiotic and biotic drivers. Particularly 
unique in our study is the combination of 
large spatial extent with small to medium 
spatial grain, as most ecological studies 
are either “small extent/small grain” or 
“large extent/large grain”. The study of 
small-scale phenomena over huge spatial 
extents likely will bring us closer to a real 
understanding of the processes that shape 
biodiversity patterns on Earth.

During the decade of monitored for 
the BIOTA project, no major declines 
of botanical diversity were observed 
except for a slight increase in perennial 
species (dwarf shrub, shrubs and trees). 
These data provides critical bench-
mark information on the current state 
of diversity of vascular plants along the 
transect. The annual monitoring of plant 
diversity on these plots have the poten-
tial to provide evidence for changes that 
may occur due to climate change and 
human landuse. 

Acknowledgements
The authors’ general acknowledgements to the 
organisations and institutions, which supported 
this work are provided in Volume 1. Beyond 
these general acknowledgements, the authors 
would like to extend their grateful thanks to the 
following colleagues, who contributed to the 
data presented in the paper: Mariam Akhtar-
Schuster, Niels Dreber, Sabine Greiner, Wiebke 
Hanke, Fransiska Kangombe, Lara Husted, 
Beate Huss, Carolin Meyer, Markus Müller, 
Corinna Rickert, Ross Turner, Dirk Wesuls, 
Christina Wolkenhauer.

References
Anderson, P. M. L., Hoffman, M.T. (2007): The 

impacts of sustained heavy grazing on plant 
diversity and composition in lowland and up-
land habitats across the Kamiesberg mountain 
range in the Succulent Karoo, South Africa. 
– Journal of Arid Environments 70: 686–700.

Mutke & Barthlott (2005), with a grain 
size of 10,000 km2, are very similar to our 
fi ndings, with the Fynbos Biome being 
rated in density zone 9 (4,000–5,000 spe-
cies per 10,000 km2) and the Succulent 
Karoo in density zone 8 (3,000–4,000 
species per 10,000 km2). Such a coinci-
dence of diversity patterns across such 
widely differing spatial scales is not a 
general fi nding (see Dengler 2009). Only 
the very species-poor Namib Desert is 
not depicted as such in the map of Mutke 
& Barthlott (2005), but this is likely a 
modelling artefact rather than a real pat-
tern. Our fi nding that small-scale spe-
cies densities in the Fynbos Biome are 
amongst the highest values worldwide 
correspond well with the strong positive 
deviation of the Cape Floristic Kingdom 
from the global vascular plant diversity 
model at the 10,000-km2 scale with con-
temporary environmental variables as 
predictors (Kreft & Jetz 2007). However, 
our results contradict the literature on the 
diversity of the Fynbos (e.g. Cowling et 
al. 1996, Goldblatt 1997, Goldblatt & 
Manning 2002), according to which this 
biome is not unusually rich at small grain 
sizes (1000 m2) but becomes exceptional 
on a global standard only at larger grain 
size (> 10 km2).

Conclusions 

The observed plant diversity measures 
show great variability within the geo-
graphical areas studied. Many parameters 
change gradually along the transects. Our 
analysis showed that there is not a single 
predictor for plant species richness along 
the transect. Mean annual precipitation 
was among the most important drivers for 
species richness at small grain sizes, how-
ever, other parameters which are strongly 
correlated with mean annual precipitation 
(aridity index, length of dry season, medi-
an soil pH) were also important. The im-
portance of soil diversity (e.g. richness in 
soil ecotypes per Observatory) increased 
with increasing grain size. Future analy-
ses of the same datasets will further reveal 
the relationships between plant species 
and life-form diversity in southern Africa 
and soil and climatic parameters at differ-
ent spatial scales. 

while the mean altitude of the winter-
rainfall Observatories was only 383 m 
a.s.l. (see Electronic Appendix 1) which 
together with the strong positive effects 
of winter rainfall (see Results) could ex-
plain our failure to detect an altitudinal 
pattern.

Soil reaction (pH or calcium con-
tent) is typically highly important for 
plant species richness at the plot scale 
(e.g. Schuster & Diekmann 2003, Pär-
tel 2002, Chytrý et al. 2007) but also at 
the 1-km2 scale (e.g. Wohlgemuth et al. 
2008). In temperate and boreal regions, 
usually positive or unimodal relation-
ships are found, whereas in most tropical 
or subtropical regions the relationship is 
negative, which is explained histori-
cally by the predominating soil pH in the 
evolutionary centres of the fl oras (Pärtel 
2002, Ewald 2003, but see Medinski et 
al. 2010 for a unimodal relationship for 
individual 100 m2-plots along BIOTA 
transect). According to the global meta-
analysis of Pärtel (2002), the correlation 
coeffi cient between richness and soil pH 
shows a strong latitudinal pattern, with 
the mean r-value ranging from –0.5 at 
the equator to approx. +0.8 in the boreal 
zone. The expected value for our study 
region should thus range from –0.20 in 
northern Namibia to +0.05 at the Cape, 
while our observed correlation values for 
the whole transects were between –0.15 
(1 km2) and –0.51 (100 m2), depending 
on the spatial scale analysed. However, in 
the study region as in all arid regions, soil 
pH is strongly negatively correlated with 
mean annual precipitation (e.g. Chytrý et 
al. 2007 and discussion above) and due to 
this collinearity it is not possible to disen-
tangle the effects of both environmental 
variables on species richness. Still it is 
remarkable that we found the very oppo-
site pattern to what Chytrý et al. (2007) 
found in the forest-steppe transition zone 
of southern Siberia, despite both regions 
being considered to have evolutionary 
centres with high soil-pH values (Pärtel 
2002).

Finally, it is worth comparing the bio-
diversity patterns we found at small grain 
sizes with those shown in coarse-grain 
maps of vascular plant diversity (Kier et 
al. 2005, Mutke & Barthlott 2005). The 
diversity gradients depicted in the map of 



134                                              BIODIVERSITY IN SOUTHERN AFRICA 2 – PATTERNS AND PROCESSES AT REGIONAL SCALE

B
IO

TA
 tr

an
se

ct
s

Herpel, N. (2008): The scale-dependent variability 
of topsoil properties refl ecting ecosystem patch-
iness in drylands of southern Africa. – Ham-
burger Bodenkundliche Arbeiten 62: 1–299.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, 
P.G., Jarvis, A. (2005): Very high resolution 
interpolated climate surfaces for global land 
areas. – International Journal of Climatology 
25: 1965–1978.

Hilton-Taylor, C. (1994): Western Cape Domain 
(Succulent Karoo). Republic of South Africa 
and Namibia. –In: Davis, S.D., Heywood, V.H., 
Hamilton, A.C. (eds.): Centres of plant diversity. 
A guide and strategy for their conservation: 204–
224. Cambridge: WWF for Nature & IUCN.

Hoffman, M.T., Ashwell, A. (2001): Nature 
divided: land degradation in South Africa. – 
Cape Town: University of Cape Town Press.

Hoffman, M.T., Cowling, R.M. (1987): Plant 
physiognomy, phenology and demography. 
– In: Cowling, R.M., Roux, P.W. (eds.): The 
Karoo Biome: a preliminary synthesis. Part 2: 
Vegetation and history: 1–34. Pretoria, CSIR.

Hoffman, M.T., Todd, S. (2000): A national review 
of land degradation in South Africa: the infl u-
ence of biophysical and socio-economic factors. 
– Journal of Southern African Studies 26: 743.

Jeschke, M., Dengler, J., Boch, S., Dolnik, C., 
Kiehl, K., Löbel, S. (2007): Species-area re-
lationships in European dry grasslands – a 
comparative analysis across regions, taxa, and 
scales. – Verhandlungen der Gesellschaft für 
Ökologie 37: 180.

Jürgens, N. (1986): Untersuchungen zur Ökolo-
gie sukkulenter Pfl anzen des südlichen Afrika. 
– Mitteilungen aus dem Institut für Allgemei-
ne Botanik und Botanischer Garten Hamburg 
21: 139–365.

Jürgens, N., Gotzmann, I.H., Cowling, R.M. (1999): 
Remarkable medium-term dynamics of leaf suc-
culent Mesembryanthemaceae shrubs in the win-
ter-rainfall desert of northwestern Namaqualand, 
South Africa. – Plant Ecology 142: 87–96.

Kier, G., Mutke, J., Dinerstein, E., Ricketts, T.H., 
Kuper, W., Kreft, H., Barthlott, W. (2005): 
Global patterns of plant diversity and fl oris-
tic knowledge. – Journal of Biogeography 32: 
1107–1116.

Klerk, J.N. de (2004): Bush encroachment. – Wind-
hoek: Ministry of Environment and Tourism.

Kraaij, T., Milton, S.J. (2006): Vegetation chang-
es (1995–2004) in semi-arid Karoo shrubland, 
South Africa: effects of rainfall, wild herbiv-
ores and change in land use. – Journal of Arid 
Environments 64: 174–192.

Kreft, H., Jetz, W. (2007): Global patterns and 
determinants of vascular plant diversity. – Pro-
ceedings of the National Academy of Sciences 
104: 5925–5930.

Linder, H.P., Johnson, S.D., Kuhlmann, M., Mat-
thee, C.A., Nyffeler, R., Swartz, E.R. (2010): 
Biotic diversity in the Southern African win-
ter-rainfall region. – Current Opinion in En-
vironmental Sustainability. DOI: 10.1016/j.
cosust.2010.02.001.

Maggs, G.L., Craven, P., Kolberg, H. (1998): 
Plant species richness, endemism, and genetic 
resources in Namibia. – Biodiversity and Con-
servation 7: 435–446.

Medinski, T.V., Mills, A.J., Esler, K.J., Schmiedel, 
U., Jürgens, N. (2010): Do soil properties con-
strain species richness? Insights from bound-
ary line analysis across several biomes in south 
western Africa. – Journal of Arid Environ-
ments. DOI: 10.1016/J.jaridenv.2010.03.004

Davis, S.D., Heywood, V.H., Hamilton, A.C. (eds.) 
(1994): Centres of plant diversity. A guide and 
strategy for their conservation 1. Europe, Africa, 
South West Asia and the Middle East. Cam-
bridge: WWF & IUCN, IUCN Publications Unit.

Dengler, J. (2009): Which function describes the 
species-area relationship best? – A review and 
empirical evaluation. – Journal of Biogeogra-
phy 36: 728–744.

Dengler, J., Boch, S. (2008): Sampling-design ef-
fects on properties of species-area curves – a 
case study from Estonian dry grassland com-
munities. – Folia Geobotanica 43: 289–304.

Dengler, J., Ruprecht, E., Szabó, A., Turtureanu, D., 
Beldean, M., Uğurlu, E., Pedashenko, H., Dol-
nik, C., Jones, A. (2009): EDGG cooperation 
on syntaxonomy and biodiversity of Festuco-
Brometea communities in Transylvania (Roma-
nia): report and preliminary results. – Bulletin of 
the Europeand Dry Grassland Group 4: 13–19.

Desmet, P.G., Cowling, R.M. (1999): The climate 
of the karoo – a functional approach. – In: 
Dean, W.R.J., Milton, S.J. (eds.): The Karoo: 
3–16. Cape Town: Cambridge University Press. 

Dolnik, C. (2003): Artenzahl-Areal-Beziehungen 
von Wald- und Offenlandgesell schaften – ein 
Beitrag zur Erfassung der botanischen Arten-
vielfalt unter besonderer Berücksichtigung der 
Flechten und Moose am Beispiel des National-
parks Kurische Nehrung (Russland). – Mittei-
lungen der Arbeitsgemeinschaft Geobotanik in 
Schleswig-Holstein und Hamburg 62: 1–183.

Drakare, S., Lennon, J.J., Hillebrand, H. (2006): 
The imprint of the geographical, evolutionary 
and ecological context on species-area rela-
tionships. – Ecology Letters 9: 215–227.

Ewald, J. (2003): The calcareous riddle: Why 
are there so many calciphilous species in the 
Central European fl ora? – Folia Geobotanica 
38: 357–366.

Field, R., Hawkins, B.A., Cornell, H.V., Cur-
rie, D.J., Diniz-Filho, A.F., Guégan, J.-F., 
Kaufman, D.M., Kerr, J.T., Mittelbach, G.G., 
Oberdorff, T., O’Brien, E.M., Turner, J.R.G. 
(2009): Spatial species-richness gradients 
across scales: a meta-analysis. – Journal of 
Biogeography 36: 132–147.

Francis, M.L., Fey, M.V. Prinsloo, H.P. Ellis, F., 
Mills, A.J., Medinski, T.V. (2007): Soils of 
Namaqualand: compensations for aridity. – 
Journal of Arid Environments 70: 588–603.

Fridley, J.D., Peet, R.K., Wentworth, T.R., White, 
P.S. (2005): Connecting fi ne- and broad-scale 
species-area relationships of southeastern U.S. 
fl ora. – Ecology 86: 1172–1177.

Gaston, K.J., Spicer, J.I. (2004): Biodiversity: an 
introduction. Ed. 2. – Oxford: Blackwell.

Goldblatt, P. (1997): Floristic diversity of the 
Cape Flora of South Africa. – Biodiversity and 
Conservation 6: 359–377.

Goldblatt, P., Manning, J.C. (2002): Plant diver-
sity of the Cape Region of southern Africa. – 
Annals of the Missouri Botanical Garden 89: 
281–302.

Haarmeyer, D.H., Schmiedel, U., Dengler, J., 
Bösing, B.M. (2010): How does grazing in-
tensity affect different vegetation types in arid 
Succulent Karoo, South Africa? Implications 
for conservation management. – Biological 
Conservation 143: 588–596.

Hammer, Ø., Harper, D.A.T., Ryan, P.D. (2001): 
PAST: Paleontological Statistics Software 
Package for Education and Data Analysis. – 
Palae ontologia Electronica 4(1): 1–9. http://
palaeo-electronica.org/2001_1/past/past.pdf

BAFU (ed.) (2009): Species diversity in landsca-
pes. – Bern: Bundesamt für Umwelt (BAFU). 
http://www.biodiversitymonitoring.ch/pdfs/
en/800%20Produkt%20Z7%20V1_en.pdf.

Barnard, P., Brown, C.J., Jarvis, A.M., Robert-
son, A., Rooyen, L. van (1998): Extending the 
Namibian protected area network to safeguard 
hotspots of endemism and diversity. – Biodi-
versity and Conservation 7: 531–547.

Biggs, R., Simons, H., Bakkenes, M., Scholes, 
R.J., Eickhout, B., Vuuren, D. van, Alkemade, 
R. (2008): Scenarios of biodiversity loss in 
southern Africa in the 21st century. – Global 
Environmental Change 18: 296–309.

Blaum, N., Rossmanith, E., Popp, A., Jeltsch, F. 
(2007): Shrub encroachment affects mamma-
lian carnivore abundance and species richness 
in semiarid rangelands. – Acta Oecologica 31: 
86–92.

Blaum, N., Seymour, C., Rossmanith, E., Schwa-
ger, M., Jeltsch, F. (2009): Changes in arthro-
pod diversity along a land use driven gradient 
of shrub cover in savanna rangelands: identi-
fi cation of suitable indicators. – Biodiversity 
and Conservation 18: 1187–1199.

Burke, A. (2003): The role of Namibian insel-
bergs in contributing to local and regional 
plant species richness. – Biodiversity and 
Conservation 12: 469–486.

Chytrý, M., Danihelka, J., Ermakov, N., Hájek, 
M., Hájková, P., Koči, M., Kubešová, S., 
Lustyk, P., Otýpková, Z., Popov, D., Rolecek, 
J., Řezníčková, M., Šmarda, P., Valachovič, M. 
(2007): Plant species richness in continental 
southern Siberia: effect of pH and climate in the 
context of the species pool hypothesis. – Global 
Ecology and Biogeography 16: 668–678.

Cowling, R.M. (1990): Diversity components 
in a species-rich area of the Cape Floristic 
Region. – Journal of Vegetation Science 1: 
699–710.

Cowling, R.M., Gibbs Russell, G.E., Hoffman, 
M.T., Hilton-Taylor, C. (1989): Patterns of 
plant species diversity in southern Africa. – In: 
Huntley, B. (ed.): Biotic diversity in southern 
Africa. Concepts and conservation: 19–50. 
Cape Town: Oxford University Press.

Cowling, R.M., Holmes, P.M., A. G. Rebelo 
(1992): Plant diversity and endemism. – In: 
Cowling, R.M. (ed.): The ecology of Fynbos: 
62–112. Cape Town: Oxford University Press.

Cowling, R.M., Esler, K.J., Midgley, F.G., Hon-
igm, M.A. (1994): Plant functional diversity, 
species diversity and climate in arid semi-arid 
southern Africa. – Journal of Arid Environ-
ments 27: 141–158.

Cowling, R.M., Rundel, P.W., Lamont, B.B., 
Arroyo, M.K., Arianoutsou, M. (1996): Plant 
diversity in Mediterranean-climate regions. – 
Trends in Ecology & Evolution 11: 362–366.

Cowling, R.M., Richardson, D.M., Schulze, R.E. 
Hoffman, M.T. Midgley, F.G., Hilton-Taylor, 
C. (1997): Species diversity at the regional 
scale. – In: Cowling, R.M., Richardson, D.M., 
Pierce, S.M. (eds.): Vegetation of southern Af-
rica: 447–473. Cambridge University Press, 
Cambridge.

Cowling, R.M., Rundel, P.W., Desmet, P.G., Es-
ler, K.J. (1998): Extraordinary high regional-
scale plant diversity in southern African arid 
lands: subcontinental and global comparisons. 
– Diversity and Distributions 4: 27–36.

Crawley, M.J., Harral, J.E. (2001): Scale de-
pendence in plant biodiversity. – Science 291: 
864–868.



PATTERNS AND DYNAMICS ALONG THE BIOTA TRANSECTS  135

B
IO

TA
 tr

an
se

ct
s

Snijman, D., Perry, P. (1987): A fl oristic analysis 
of the Nieuwoudtville Wild Flower Reserve, 
north-western Cape. – South African Journal 
of Botany 53: 445–454.

Thomas, C.D., Cameron, A., Green, R.E., 
Bakkenes, M., Beaumont, L.J., Collingham, 
Y.C., Erasmus, B.F.N., Siqueira, M.F. de, 
Grainger, A., Hannah, L., Hughes, L., Huntley, 
B., Jaarsveld, A.S. van, Midgley, G.F., Miles, 
L., Ortega-Huerta, M.A., Townsend Peterson, 
A. Phillips, O.L., Williams, S.E. (2004): Ex-
tinction risk from climate change. – Nature 
427: 145–148.

Thuiller, W., Midgley, G.F., Hughes, G.O., 
Bomhard, B., Drew, G., Rutherford, M.C., 
Woodward, F.I. (2006): Endemic species and 
ecosystem sensitivity to climate change in Na-
mibia. – Global Change Biology 12: 759–776.

Todd, S.W., Hoffman, M.T. (1999): A fence-line 
contrast reveals effects of heavy grazing on 
plant diversity and community composition in 
Namaqualand, South Africa. – Plant Ecolog y  
142: 169–178.

Todd, S.W., Hoffman, M.T. (2009): A fence line 
in time demonstrates grazing-induced vegeta-
tion shifts and dynamics in the semiarid Suc-
culent Karoo. – Ecological Applications 19: 
1897–1908.

Wesuls, D., Lang, H. (2010): Perceptions and 
measurements: the assessment of pasture 
states in a semi-arid area of Namibia. – Hu-
man Ecology 38: 305–312.

Williamson, M. (2003): Species-area relation-
ships at small scales in continuum vegetation. 
– Journal of Ecology 91: 904–907.

Willis, K.J., Whittaker, R.J. (2002): Species di-
versity – scale matters. – Science 295: 1245–
1247.

Wohlgemuth, T., Nobis, M.P., Kienast, F., Plat-
tner, M. (2008): Modelling vascular plant 
diversity at the landscape scale using system-
atic samples. – Journal of Biogeography 35: 
1226–1240.

Plotkin, J.B., Potts, M.D., Yu, D.W., Bunyave-
jchewin, S., Condit, R., Foster, R., Hubbell, 
S.P., LaFrankie, J., Manokaran, N., Seng, 
L.H., Sukumar, R., Nowak, M.A., Ashton, P.S. 
(2000): Predicting species diversity in tropical 
forests. – Proceedings of the National Acad-
emy of Sciences 97: 10850–10854.

Quinn, G.P., Keough, M.J. (2002): Experimental 
design and data analysis for biologists. – Cam-
bridge: Cambridge University Press..

Rahlao, S.J., Hoffman, M.T., Todd, S.W., Mc-
Grath, K. (2008): Long-term vegetation 
change in the Succulent Karoo, South Africa 
following 67 years of rest from grazing. – 
Journal of Arid Environments 72: 808–819.

Rebelo, A. G., Boucher, C., Helme, N., Mucina, 
L., Rutherford, C.M. (2006): Fynbos Biome. 
– In: Mucina, L., Rutherford, M.C. (eds.): The 
vegetation of South Africa, Lesotho and Swa-
ziland. Strelitzia 19: 53–219. Pretoria: South 
African National Biodiversity Institute.

Riginos, C., Hoffman, M.T. (2003): Changes in 
population biology of two succulent shrubs 
along a grazing gradient. – Journal of Applied 
Ecology 40: 615–625.

Schmiedel, U., Jürgens, N. (1999): Community 
structure on unusual habitat island: quartz-
fi elds in the Succulent Karoo, South Africa. 
– Plant Ecology 142: 57–69.

Schmiedel, U. (2002): The quartz fi elds of south-
ern Africa. Flora, phytogeography, vegetation, 
and habitat ecology. – PhD thesis. Cologne: 
University of Cologne.

Schuster, B., Diekmann, M. (2003): Changes in 
species density along the soil pH gradient – 
evidence from German plant communities. – 
Folia Geobotanica 38: 367–379.

Siebert, F., Bredenkamp, G.J., Siebert, S.J. 
(2003): A comparison of Mopaneveld vegeta-
tion in South Africa, Namibia and Zimbabwe. 
– Bothalia 33: 121–134.

Simmons, R.E., Griffi n, M., Griffi n, R.E., Ma-
rais, E., Kolberg, H. (1998): Endemism in 
Namibia: patterns, processes and predictions. 
– Biodiversity And Conservation 7: 513–530.

Sirami, C., Seymour, C., Midgley, G., Barnard, 
P. (2009): The impact of shrub encroachment 
on savanna bird diversity from local to re-
gional scale. – Diversity and Distributions 15: 
948–957.

Midgley, G.F., Thuiller, W. (2007): Potential 
vulnerability of Namaqualand plant diversity 
to anthropogenic climate change. – Journal of 
Arid Environments 70: 615–628.

Midgley, G.F., Hannah, L., Millar, D., Thuiller, 
W., Booth, A. (2003): Developing regional and 
species-level assessments of climate change 
impacts on biodiversity in the Cape Floristic 
Region. – Biological Conservation 112: 87–97.

Musil, C.F., Heerden, P.D.R. van, Cilliers, C.D., 
Schmiedel, U. (2009): Mild experimental cli-
mate warming induces metabolic impairment 
and massive mortalities in southern African 
quartz fi eld succulents. – Environmental and 
Experimental Botany 66: 79–87.

Mutke, J., Barthlott, W. (2005): Patterns of vas-
cular plant diversity at continental to global 
scales. – In: Friis, I., Balslev, H. (eds.): Plant 
diversity and complexity patterns. Local, re-
gional and global dimensions.  Proceedings of 
an international symposium held at the Royal 
Danish Academy of Sciences and Letters in 
Copenhagen, Denmark, 25–28 May, 2003. Bi-
ologiske Skrifter 55: 521–537.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., 
Fonseca, G.A.B. da, Kent, J. (2000): Biodiver-
sity hotspots for conservation priorities. – Na-
ture 403: 853–858.

Naveh, Z., Whittaker, R.H. (1979): Structural 
and fl oristic diversity of shrublands and wood-
lands in northern Israel and other Mediterra-
nean areas. – Vegetatio 41: 171–190.

Nordenstam, B. (1969): Phytogeography of the 
genus Euryops (Compositae). A contribution 
to the phytogeography of southern Africa. – 
Opera Botanica 23: 1–77.

O’Connor, T.G. (1992): Woody vegetation – en-
vironmental relations in a semi-arid savanna 
in the northern Transvaal. – South African 
Journal of Botany 58: 258–274. 

Pärtel, M. (2002): Local plant diversity patterns 
and evolutionary history at the regional scale. 
– Ecology 83: 2361–2366.

Petersen, A. (2008): Pedodiversity of southern 
African drylands. – PhD thesis. Hamburg: 
University of Hamburg.

Petersen, A., Gröngröft, A., Miehlich, G. (2010): 
Methods to quantify the pedodiversity of 1 
km2 areas ─ results from southern African 
drylands. – Geoderma 155: 140–146.




