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1  | INTRODUC TION

Aeolian	sediment	transport	processes	are	sensitive	to	dryland	eco‐
system	 change	 and	 can	 contribute	 to	 the	 transition	 of	 savannah	
grasslands	 to	 shrub‐invaded	 and	 shrub‐dominated	 states	 (Okin,	
Gillette,	 &	Herrick,	 2006;	 Ravi,	 Breshears,	 Huxman,	 &	D'Odorico,	
2010).	 In	 the	 southern	 Kalahari	 savannah,	 bush	 encroachment	 by	
Senegalia mellifera	is	a	pervasive	ecosystem	change	that	creates	mo‐
saic	 landscapes	of	varying	density	grasses	and	bushes	that	can	af‐
fect	patterns	of	aeolian	sediment	transport	(Thomas	&	Shaw,	1991).	
Herbaceous	species	 losses	and	bush	encroachment	 in	the	Kalahari	
have	been	associated	with	increased	dune	mobility	(Wiggs,	Thomas,	
Bullard,	&	 Livingstone,	 1995),	 degraded	 air	 quality	 (Witson,	 2017)	
and	potential	reactivation	of	the	region	as	a	persistent	dust	source	
(Bhattachan	 et	 al.,	 2012).	While	 accelerated	 wind	 erosion	 can	 be	
both	driver	and	consequence	of	ecosystem	change	 in	 the	Kalahari	
(Bullard,	 Thomas,	 Livingstone,	 &	Wiggs,	 1997;	 Mayaud,	 Bailey,	 &	
Wiggs,	2017;	Thomas	&	Leason,	2005),	the	role	of	aeolian	processes	
and	 its	 regional	 impacts	have	not	been	fully	established.	Here,	we	
examine	preliminary	data	on	the	influence	of	southern	Kalahari	eco‐
system	changes	on	surface	aerodynamic	roughness	and	aeolian	sed‐
iment	transport	as	a	basis	for	understanding	their	interactions.

Multiple	drivers	of	ecosystem	change	have	been	identified	in	the	
Botswana	Kalahari	(Perkins	&	Thomas,	1993).	These	include	the	co‐
incidence	of	land	use	pressures	from	livestock	grazing	and	changing	

land	tenure	associated	with	the	first	Livestock	Development	Project	
(LDP1)	 in	 1970	 and	 the	 1975	 Tribal	 Grazing	 Lands	 Policy	 (TGLP;	
Dougill,	 Thomas,	 &	 Heathwaite,	 1999),	 scarce	 groundwater	 re‐
sources,	highly	variable	 rainfall,	 altered	 fire	 regimes,	 increasing	at‐
mospheric	CO2	and	regional	warming	(Saha,	Scanlon,	&	D'Odorico,	
2015).	 Research	 has	 investigated	 the	 impacts	 of	 these	 drivers	 on	
bush	 encroachment	 along	 livestock	 grazing	 gradients	 and	 at	 dif‐
ferent	 scales	 (Dougill	 et	 al.,	 2016;	 Perkins,	 2018;	 Porporato,	 Laio,	
Ridolfi,	 Caylor,	 &	 Rodriguez‐Iturbe,	 2003;	 Thomas,	 Sporton,	 &	
Perkins,	2000),	building	consensus	 that	 the	Kalahari	 savannah	 is	a	
nonequilibrium	system	with	alternative	ecological	states	(Figure	1).

Bush	 encroachment	 in	 the	 southern	 Kalahari	 typically	 occurs	
within	areas	of	concentrated	livestock	grazing	around	boreholes	and	
may	 be	 associated	with	 a	 decline	 in	 total	 grass	 species	 and	 cover	
(Dreber,	 Rooyen,	 &	 Kellner,	 2018;	 Rutherford	 &	 Powrie,	 2010).	
Overgrazing	can	also	result	in	herbaceous	species	loss	without	bush	
encroachment	(Thomas	&	Shaw,	1991).	Although	grasses	can	re‐es‐
tablish	 after	 such	 changes	 (Bhattachan,	 D'Odorico,	 Dintwe,	 Okin,	
&	Collins,	2014),	without	livestock	exclusion	affected	areas	can	be‐
come	mobile	with	active	sand	transport	and	dust	emission	(Wiggs,	
Livingstone,	Thomas,	&	Bullard,	1994).	Both	fire	and	bush	encroach‐
ment	have	previously	been	shown	to	influence	surface	wind	speeds	
and	microclimate	 in	 the	Kalahari	 (Saha	et	 al.,	 2015;	Thomas	et	 al.,	
2018;	Wiggs,	Livingstone,	Thomas,	&	Bullard,	1996).	We	hypothesise	
that	 vegetation	 state	 transitions	 alter	 the	 aerodynamic	 roughness	
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(z0)	of	Kalahari	landscapes,	producing	hot	spots	of	aeolian	transport	
that	may	reinforce	alternative	vegetation	states.	There	is	a	need	to	
understand	the	interactions	at	a	system	level	to	identify	thresholds	
of	ecosystem	change,	potentially	negative	impacts,	and	where	and	
when	management	interventions	could	help.

2  | MATERIAL S AND METHODS

2.1 | Study sites

Fourteen	 study	 sites	 were	 established	 across	 private	 cattle	
ranches	 near	 Bokspits	 and	 Spaarwater,	 communal	 grazing	 land	
near	Kolonkwaneng,	and	 two	private	game	 ranches	 (Bartrek	and	
Phirima)	 in	 southern	 Botswana	 in	 August	 2013	 (Figure	 2).	 Sites	
were	selected	to	represent	ecosystem	states	and	plant	community	
phases	in	the	southern	Kalahari	savannah	(Table	1).	Plant	commu‐
nity	 composition	 varied	 among	 sites,	with	Senegalia mellifera	 the	
dominant	 tree	 species	 followed	 by	 Vachellia erioloba.	 Perennial	
grasses	 included	Eragrostis,	Aristida and Stipagrostis	 species	 (Van	
Rooyen,	2001).

2.2 | Data collection and analysis

Foliar	 cover	 of	 grasses,	 bushes	 and	 trees	 were	 estimated	 in	
September	2014	using	 the	 line‐point	 intercept	method	 (Herrick	et	
al.,	2018)	along	three	parallel	100	m	transects	at	each	site.	Transects	
were	20	m	apart,	 and	 readings	were	made	every	1	m	 to	give	300	
readings	 per	 site.	 Five	 surface	 soil	 samples	 (0–1	 cm)	 were	 col‐
lected	from	plant	interspaces	at	each	site	for	texture	analysis	using	
a	Beckman	Coulter	LS	13	320	laser	particle	size	analyser	following	
Bhattachan,	D'Odorico,	Okin,	and	Dintwe	(2013).	Wind	speed	profile	
data	were	collected	using	a	meteorological	tower	centrally	located	
at	each	site.	The	tower	was	instrumented	with	RM	Young	3101	cup	
anemometers	at	0.75,	1.17,	1.7,	and	2.7	m	and	an	RM	Young	3002	at	
5.2	m	height.	Measurements	were	acquired	at	each	site	for	~48	to	
52	hr	under	wind	conditions	from	all	directions.	Data	were	sampled	
at	1	Hz	and	 logged	every	1	min	on	a	Campbell	 Scientific	CR1000	
data	logger.	We	estimated	z0	following	the	Prandtl‐von	Kármán	loga‐
rithmic	velocity	profile	law:

(1)
Uz

u∗
=
1

k
ln

(

z

z0

)

F I G U R E  1  State‐and‐transition	model	(STM)	for	the	southern	Kalahari	savannah	rangelands	(after	Dougill	et	al.,	1999).	Five	ecosystem	
states	are	identified	for	the	savannah,	excluding	pans	and	playas.	Large	boxes	represent	states	with	distinct	structures	and	rates	of	
ecological	and	abiotic	processes,	like	wind	erosion.	Solid	arrows	represent	transitions	between	states.	The	ecosystem	states	may	have	
different	community	phases	(small	boxes,	e.g.,	A1,	A2)	that	represent	plant	community	assemblages,	and	dashed	arrows	represent	pathways	
along	which	shifts	among	communities	occur	(Bestelmeyer	et	al.,	2003).	Description	of	transitions:	1a—Intensive	grazing,	drought,	reduced	
fire	frequency;	1b—Reduced	grazing	pressure,	fire,	perennial	grass	recovery.	2a—Sustained	overgrazing,	drought,	heightened	soil	mobility;	
2b—Exclosure	to	grazing,	above‐average	rainfall.	3a—Intensive	grazing,	bush	invasion,	reduced	fire	frequency;	3b—Bush	removal	and/or	
dieback	from	intense	fire,	reduced	grazing	pressure,	perennial	grass	recovery.	4a—Persistent	intensive	grazing,	bush	invasion,	competition	by	
bushes;	4b—Bush	removal	and/or	dieback	from	intense	fire.	5a—Sustained	overgrazing,	drought,	heightened	soil	mobility;	5b—Exclosure	to	
grazing,	above‐average	rainfall
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where	Uz	is	the	wind	speed	(m/s)	at	height	z	(m),	u∗	is	the	wind	fric‐
tion	velocity	(m/s)	and	k	is	von	Kármán's	constant	(0.4).	We	did	not	
estimate	the	zero‐plane	displacement	height	(d)	of	the	profiles	due	
to	the	lack	of	a	robust	method	for	its	calculation	in	the	presence	of	
patchy	vegetation	(Wiggs	et	al.,	1996).	Estimates	of	z0	were	obtained	
using	the	linear	regression	approach	of	Wiggs	et	al.	(1996):

where	u∗ =km and z
0
=e−c∕m.	Data	were	resampled	to	15	min	aver‐

ages	prior	to	analysis,	and	filters	were	applied	to	ensure	wind	speeds	
at	all	heights	(Uz)	≥	2	ms

−1	and	fits	had	r2	≥	 .97.	Estimates	of	z0	for	
vegetation	 community	 phase	C2	 (sparse	 annual	 grasses	with	 low‐
density	shrubs)	were	unreliable	due	to	the	tall	surrounding	bushes	
and	so	are	not	reported.

Aeolian	transport	was	measured	with	five	Modified	Wilson	and	
Cooke	 (MWAC)	 sediment	 sampler	 masts	 at	 each	 site	 (Goossens,	

Offer,	&	London,	2000).	The	samplers	trapped	sediment	at	0.1,	0.25,	
0.5	and	0.85	m	heights,	with	the	five	masts	located	in	the	middle	of	
plant	interspaces	surrounding	site	centres.	Samplers	were	deployed	
from	September	2013	to	August	2014.	Sediment	 in	each	trap	was	
extracted	 in	 December	 2013,	 May	 2014,	 and	 August	 2014	 and	
weighed.	Sample	losses	reduced	the	data	to	58	complete	mass	flux	
profiles	(samples	at	≥3	heights)	across	the	sites	and	sampling	peri‐
ods.	Exponential	functions	were	fitted	using	nonlinear	least	squares	
regression	to	the	sediment	masses,	normalised	by	the	MWAC	inlet	
area	 (0.4715	cm2),	 and	 the	 sampling	period	 (q),	 from	each	MWAC	
mast	with	complete	profiles:

where	a,	b and c	are	coefficients	of	the	fitted	function	and	z	is	the	
height	above	the	surface	(in	cm).	The	fit	provided	an	average	R2	of	

(2)Uz=m. ln (z)+c

(3)q (z)= ce(az
2+bz)

F I G U R E  2  Map	showing	the	distribution	of	International	Geosphere‐Biosphere	Program	(IGBP)	land	cover	types	across	southern	Africa	
(a)	and	heterogeneity	of	Landsat	8	surface	reflectance	across	the	Kalahari	Desert	(b)	that	is	indicative	of	the	large	spatial	variability	in	
vegetation.	Photographs	illustrate	three	common	ecological	states	(grassland	savannah,	bush‐invaded	and	bush‐dominated)	of	the	southern	
Kalahari	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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.98	across	all	the	profiles	for	the	sites.	Vertically	integrated	horizon‐
tal	sediment	mass	fluxes	(Q)	were	calculated	by	integrating	the	expo‐
nential	functions	from	the	surface	(0	cm)	to	100	cm	height:

where	Q	was	expressed	with	units	of	g	cm−1 day−1.	Estimates	of	z0 
and Q	were	summarised	by	plant	community	phase	(Table	1)	to	ex‐
amine	potential	effects	of	ecosystem	change	 (Figure	1)	on	aeolian	
sediment	 transport.	 We	 separated	 community	 phases	 DC	 (dune	
crests	with	grass)	and	DB	(bare	dune	crests)	from	the	other	phases	
as	measured	dune	crest	locations	tended	to	support	different	grass	
species	(i.e.,	Stipagrostis	sp.)	to	the	interdune	savannah.

3  | RESULTS

Soils	 at	 the	 study	 plots	 had	 >96%	 sand	 in	 the	 surface	 horizon	
(0–1	cm	depth).	Soil	surfaces	were	loose	at	all	sites	suggesting	that,	

with	 similar	 texture,	 the	 soils	 would	 have	 similar	 thresholds	 for	
entrainment	 by	wind	 (Gillette,	Adams,	 Endo,	 Smith,	&	Kihl,	 1980).	
Herbaceous	 vegetation	 cover	 ranged	 from	 1%	 at	 the	 Spaarwater	
bare	dune	crest	site	to	64%	at	the	Bokspits	vegetated	dune	crest	site	
(Table	1).	Herbaceous	cover	was	high	across	the	sites	following	the	
relatively	wet	2013/2014	wet	season	(Dougill	et	al.,	2016).	Bush	and	
tree	cover	ranged	from	4%	to	14%	at	nondune	crest	sites.

Aerodynamic	 roughness	 showed	 large	 variability	 within	 and	
among	 the	 vegetation	 community	 phases	 (Figure	 3a).	 Vegetated	
dune	crests	(DC)	had	largest	z0	of	0.57	±	0.22	m	(median	±	stan‐
dard	 deviation),	 with	 loss	 of	 vegetation	 from	 dune	 crests	 (DB)	
resulting	 in	 a	 reduction	 in	 z0	 to	0.01	±	0.26	m.	 Increasing	 shrub	
density	within	 savannah	 grassland	 sites	 appeared	 to	 increase	 z0 
from	phase	A1	 (0.06	±	0.27	m)	 to	A2	 (0.12	±	0.24	m),	while	 re‐
ducing	grass	cover	within	bush‐invaded	savannah	sites	appeared	
to	reduce	z0	from	phase	B1	(0.14	±	0.15	m)	to	B2	(0.08	±	0.14	m).	
Overall,	 our	 results	 suggest	 the	 transition	 from	 savannah	 grass‐
land	 to	 bush‐invaded	 savannah	may	 reduce	 the	 surface	 aerody‐
namic	 roughness	within	bush	 interspaces	 and	 in	 areas	 that	have	
experienced	a	loss	of	grass	cover.

(4)Q=

100

∫
0

q (z)dz

F I G U R E  3  Measured	(a)	aerodynamic	
roughness	lengths	(z0)	summarised	by	
vegetation	community	phase	for	the	
savannah	grassland	(phases	A1	and	A2),	
bush‐invaded	savannah	(phases	B1	and	
B2)	and	dune	crest	sites	with	grass	cover	
(DC)	or	without	(DB);	and	(b)	sediment	
mass	flux	(Q)	for	the	sample	collections	
in	December	2013	(2013/12),	May	2014	
(2014/05)	and	August	2014	(2014/08).	
Sampling	commenced	September	
2013	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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Our	measurements	of	Q	appear	to	reflect	differences	in	measured	
z0	among	the	vegetation	states	and	community	phases	(Figure	3b).	
Aerodynamically	smooth	sites	(small	z0)	are	more	exposed	to	erosive	
winds	that	can	transport	sediments	than	sites	that	are	aerodynami‐
cally	rough	(large	z0).	The	largest	Q	was	measured	on	bare	dune	sites,	
whereas	the	smallest	Q	was	measured	on	savannah	grassland	sites	
with	perennial	grasses	and	little	bush	cover	(phase	A1).	The	sediment	
transport	 rates	appeared	 to	be	 larger	 for	grassland	savannah	sites	
with	a	higher	density	of	shrubs	(phase	A2)	and	increased	for	bush‐in‐
vaded	savannah	sites	with	annual	grasses	(phase	B1)	and	sparse	an‐
nual	grasses	(phase	B2),	respectively.	Measurements	from	the	May	
2014	collection	suggest	that	altered	savannah	grassland	sites	(phase	
C2)	may	experience	sediment	transport	rates	larger	than	sites	in	the	
savannah	grassland	state	(phases	A1	and	A2).	Like	z0,	the	sediment	
transport	 rates	had	 large	spatiotemporal	variability.	The	measured	
magnitude	differences	 in	Q	 suggest	 that	 the	evaluated	vegetation	
states	and	phases	may	have	functionally	different	aeolian	sediment	
transport	rates.

4  | DISCUSSION

Dryland	 ecosystem	 change,	 including	 shrub	 invasion	 of	 savannah	
grasslands,	 can	 alter	 landscape	 aerodynamics	 and	 accelerate	 aeo‐
lian	sediment	transport	(Ravi	et	al.,	2010).	Differences	in	z0	among	
vegetation	 states	 are	 produced	 by	 changes	 in	 vegetation	 cover,	
structure	 and	 spatial	 distributions	 that	 increase	 surface	wind	 fric‐
tion	velocities	that	can	entrain	loose	sediments	(Okin	et	al.,	2006).	
For	 example,	 conversion	 of	 former	Chihuahuan	Desert	 grasslands	
to	 shrublands	 has	 significantly	 altered	 z0	 and	 sediment	 transport	
(Bergametti	 &	 Gillette,	 2010;	 Gillette,	 Herrick,	 &	 Herbert,	 2006;	
Gillette	&	Pitchford,	2004).	At	the	same	time,	aeolian	processes	are	
an	 important	abiotic	feedback	driving	grassland	to	shrubland	tran‐
sitions	 (Bestelmeyer	 et	 al.,	 2018;	 Okin	 et	 al.,	 2009).	 Accelerated	
aeolian	 transport	 increases	 the	 impacts	of	 soil	mobilisation,	 nutri‐
ent	 losses,	 and	 dust	 emissions	 from	 affected	 ecosystems	 and	 on	
communities	within	them	(e.g.,	Alvarez,	Epstein,	Li,	&	Okin,	2012;	Li,	
Okin,	Alvarez,	&	Epstein,	2007;	Webb,	Herrick,	&	Duniway,	2014).	
Our	preliminary	data	suggest	that	ecosystem	changes	occurring	 in	
the	 southern	Kalahari	modify	 surface	aerodynamic	 roughness	and	
aeolian	 transport	 and,	 therefore,	 have	 potential	 to	 impact	 spatial	
patterns	of	dune	mobilisation	and	dust	emission.

Elucidating	 whether	 aeolian	 processes	 are	 a	 driver	 of	 ecosys‐
tem	change	is	necessary	for	understanding	the	dynamics	and	feed‐
backs	of	bush	encroachment	and	herbaceous	species	 losses	 in	the	
Kalahari,	as	well	as	other	drylands,	at	the	systems	level	(e.g.,	Stringer	
et	 al.,	 2017).	 Earlier	 studies	 show	 vegetation	 removal	 due	 to	 fire,	
overgrazing,	and	drought	can	result	in	mobilisation	of	Kalahari	sands	
and	contribute	to	the	persistence	of	a	bare	ground	state	(e.g.,	Bullard	
et	al.,	1997;	Lancaster,	1988;	Wiggs	et	al.,	1994).	Our	data	suggest	
state	changes	can	result	in	changes	in	aerodynamic	roughness	and	
aeolian	 transport.	Nonetheless,	 information	 is	 still	 lacking	on	how	
aeolian	 processes	 feed	 back	 onto	 bush	 encroachment	 and	 bush	

dominance	 in	 the	Kalahari	 compared	 to	other	drylands	where	 this	
process	is	better	understood.

Debate	also	remains	open	as	to	whether	the	Kalahari	dunefield	
could	mobilise	under	 future	 climate	 change	 (Ashkenazy,	Yizhaq,	&	
Tsoar,	2012;	Thomas,	Knight,	&	Wiggs,	2005).	Models	used	on	ei‐
ther	side	of	the	debate	have	generally	considered	only	herbaceous	
species	cover	and	not	how	changes	 in	plant	 functional	 types	 (e.g.,	
bush	 encroachment)	might	 play	 into	 dunefield	 activation	 or	 inter‐
actions	among	them	(e.g.,	Mayaud	et	al.,	2017).	Understanding	how	
aeolian	processes	influence	and	respond	to	vegetation	state	changes	
is	 essential	 for	 projecting	 future	 Kalahari	 dune	 activity	 and	 dust	
emissions.

To	 the	 extent	 that	 the	 Kalahari	 is	 representative	 of	 other	 sa‐
vannah	 systems,	 this	 research	 extends	 our	 understanding	 more	
generally	of	vegetation‐geomorphic	process	 feedbacks	 that	create	
and	enforce	alternative	stable	states.	Future	research	is	needed	to	
measure	z0	and	aeolian	transport	across	vegetation	states	within	dif‐
ferent	precipitation	regimes	and	to	establish	how	aeolian	processes	
impact	 vegetation	 directly,	 through	 burial/deflation	 and	 abrasion,	
and	indirectly,	through	changes	in	nutrients	and	soil	water.	This	new	
research	would	allow	deeper	understanding	of	observed	ecosystem	
changes	in	the	context	of	the	roles	of	aeolian	processes	in	the	degra‐
dation	and	development	of	the	Kalahari	savannah.
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