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Elucidating woody vegetation patterns in relation to soil and topography
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Background and aims — Although soils and topography are reported to be key factors determining
vegetation patterns, there are very few studies on this topic in tropical Africa. Given the young nature
of the soils of Nech Sar National park, we hypothesised that the woody vegetation would be related to
both topsoil and subsoil characteristics. As topography also determines soil characteristics, we investigated
whether soil and topography could be considered independently.

Methods — Abundance of woody plant species was measured in 19 stratified randomly selected plots of
20 m x 20 m. At the centre of each plot a soil profile pit was dug and samples were taken from each horizon.
Topographic characteristics were derived from a 30 m x 30 m digital elevation model. TWINSPAN and
Detrended Correspondence Analysis (DCA) were used to identify major patterns in species composition.
Factor Analysis was used to assess the variability of, and correlation between, the soil characteristics.
Differences between the vegetation groups in-terms of stand and environmental characteristics was tested
with the Mann-Whitney U test. DCA axes describing the major variation in vegetation patterns were
correlated with soil and topographic characteristics.

Results — Forest vegetation was found on Fluvisols and Gleyic Cambisols while bushland was found on
Andosols and Vertic Cambisols. The vegetation gradient from forest to bushland (DCA-1) was correlated
with both topsoil and subsoil characteristics reflecting parent material and alkalinity; these could however
not be dissociated from topography. In contrast, variation both within the forest and the bushland (DCA-2)
was not correlated with environmental characteristics. We attribute this variation to disturbances such as
collection of firewood or logging, and to the absence of large browser or scarcity of wildfires.
Conclusions — This study calls for giving equal attention to topsoil and subsoil for elucidating woody
vegetation patterns. Though vegetation patterns vary with topography, a comprehensive understanding
requires insights into soils.

Key words — Riverine forest, Bushland, Fluvisols, Cambisols, Andosols, soil characteristics, topographic
characteristics, digital elevation model.

INTRODUCTION landscapes, there are complex mosaics of plant communities,
many related to soil variations as well as to the interaction
of topography and climate (Furley 1976, Chen et al. 1997).
Soil characteristics, such as salinity, acidity and nutrient

availability influence vegetation diversity (Chen et al. 1997,

Vegetation patterns, and the relative abundance of plant
species, are known to be governed by climate, soil texture,
soil depth, soil fertility, drainage, topography (slope, terrain

roughness, altitude), and disturbance regimes (fire, grazing,
browsing) (Scholes & Archer 1997, Augustine 2003, Demel
2005, Doku et al. 2007). Even in apparently homogeneous

Kubota et al. 1998, van Breemen & Finzi 1998). Vegetation,
in turn, influences soil characteristics mainly through addi-
tion of organic matter to the soil (Finzi et al. 1998). Though
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the relation between environmental factors and forest vegeta-
tion has gained interest over the last decades (e.g. Florinsky
& Kuryakova 1996, Chen et al. 1997, John et al. 2007), there
are only few quantitative field studies from tropical Africa.
Some examples are the studies of Parmentier (2003), Don-
deyne et al. (2004), Yimer et al. (2006) and Vleminckx et al.
(2015). Furley (1976) and Ruggiero et al. (2002) who stud-
ied the relation between woody vegetation and soils in tropi-
cal America, reported high correlations between vegetation
patterns and soil surface characteristics, while they found
low correlations with subsoil characteristics. Ruggiero et al.
(2002) argued that vegetation influenced the characteristics
of the upper soil layers by the transfer of organic matter and
nutrients of soils that have very homogenous subsoil charac-
teristics.

Nech Sar National Park, in the rift valley of south-
ern Ethiopia (fig. 1A), is one of the country’s major tourist
destinations. It was specifically established to protect the
Swayne’s hartebeest (4lcelaphus buselaphus swaynei Sclat-
er, 1892), an endemic antelope (Vymyslicka et al. 2011).
Vegetation varies from evergreen riverine forest over wood-
land, shrubland to grassland and swamp (fig. 1B). Climate is
rather homogenous within the park and altitude ranges from
1,100 to 1,650 m a.s.l. Previous studies in the park focused
on the encroachment of woody species into the grasslands,
population dynamics of large mammals and bird species
diversity (Duckworth et al. 1992, Aregu & Demeke 2006,
Samson 2010, Yusuf et al. 2011, Datiko & Bekele 2011). Re-
cently, Marsboom (2014) and Fetene et al. (2016) analysed
land-cover changes of the park using remote sensing data
and field observation (fig. 1B).

The potential vegetation map of eastern Africa indicates
that Somalia-Masai Acacia-Commiphora deciduous bush-
land and thicket vegetation would be the dominant natural
vegetation of the rift valley in southern Ethiopia (Lilleso et
al. 2011). This vegetation type is the climax vegetation over
the greater part of the Somalia-Masai floristic region and
characteristically consists of a dense bushland, 3 to 5 m tall
with scattered emergent trees up to 9 m (Kindt et al. 2011a).
However, vegetation types of Nech Sar National park are
more diverse than what the potential vegetation map would
suggest. Evergreen riverine forests are prominent in the west-
ern part of the park along the Kulfo river (fig. 1B). Besides
being tied to the river these forests also depend on shallow
groundwater and the numerous springs occuring at the base
of the escarpment. According to Duckworth et al. (1992)
and Friis et al. (2010), typical forest canopy tree species are
Ficus sycomorus L., Garcinia livingstonei T.Anderson, Cor-
dia africana Lam., Diospyros abyssinica (Hiern) F.White,
Trichilia emetica Vahl, Croton macrostachyus Hochst. ex
Delile, Celtis africana Burm. f., Acacia polyacantha Willd.
and Lecaniodiscus fraxinifolius Baker. Woodlands, defined
by Kindt et al. (2011b: 1) “as open stands of trees of at least
8 m tall with a canopy cover of 20-40% or more, but never
with interlocking crowns and usually with a field layer of
heliophilous (‘sun-loving’) grasses”, occur in Nech Sar Na-
tional Park on footslopes and gentle hill slopes. As described
by Duckworth et al. (1992) and Fetene et al. (2016), typical
tree species are Acacia polyacantha, A. nilotica (L.) Willd.
ex Delile, A. mellifera (Vahl) Benth., Balanites rotundifolia
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(Tiegh.) Blatt., Boswellia neglecta S.Moore, Commiphora
africana (A.Rich.) Engl., Dobera glabra (Forssk.) Juss. ex
Poir., Salvadora persica L., Sterculia africana (Lour.) Fiori
and Terminalia brownii Fresen. On steep slopes the wood-
lands grade into dense shrublands, forming closed stands
of bushes usually 3 to 7 m tall, with Acacia mellifera,
A. nilotica, Cadaba farinosa Forssk., Cordia monoica Roxb.,
C. sinensis Lam. as typical species. At other places, the
woodland grades into open woodland and grassland, with as
most common grasses Chrysopogon aucheri (Boiss.) Stapf,
Tetrapogon roxburghiana (Schult.) P.M.Peterson, Cenchrus
ciliaris L., Ischaemum afrum (J.F.Gmel.) Dandy, Heteropo-
gon contortus (L.) PBeauv. ex Roem. & Schult., Bothrio-
chloa radicans (Lehm.) A.Camus and Themeda triandra
Forssk.

Given the above described variation in vegetation, we
investigated how soil characteristics and topography relate
to vegetation patterns in the western part of the park. De-
spite the wide interest for the ecology of the East African rift
valley, factors that govern the variation in forest vegetation
patterns, and particularly soils, have never been studied be-
fore in the area. We limited this research to the woody spe-
cies because herbaceous species under the woody vegetation
are easily affected by seasonality, while woody species are
obviously persistent. As digging and describing soil profile
pits in this environment is time demanding (typically at least
one day, for four persons), this research was limited to 19
study sites. Consequently, this research is, to some extent,
exploratory in nature. The specific objectives, and related
hypotheses, were to investigate to which extent vegetation
composition and species diversity are related to variation in
both soil and topographic characteristics. In theories on soil
genesis, topography is a key factor linked to soil formation
(Jenny 1941, Schaetzl & Thompson 2015). We therefore
wanted to test whether soil characteristics can be considered
independently from topography to explain variation in veg-
etation composition, or alternatively whether they need to be
considered conjunctively. Additionally, we wanted to assess
the relative importance of topsoil and subsoil characteristics,
particularly as topsoil characteristics are often reported to be
more important in relation to vegetation (e.g. Ruggiero et al.
2002, Amorim & Batalha 2008), while subsoil characteristics
are considered important in soil classification systems (e.g.
Soil Survey Staff 2014, IUSS Working Group WRB 2015).

MATERIALS AND METHODS

Study area

Nech Sar National Park covers an area of 450 km? of which
85% is terrestrial, the remaining belonging to two lakes. The
park is bounded in the west, next to Arba Minch town, by
a steep escarpment, in the east by the Amaro mountains, in
the north by Lake Abaya and in the south by Lake Chamo
(fig. 1B). Two major rivers drain the surrounding areas and
flow through the park: in the western part the Kulfo river
runs southwards through the evergreen riverine forest (Duck-
worth et al. 1992, Aregu & Demeke 2006); the eastern part is
drained by the Sermele river which runs to the south (fig. 1).
Mean annual rainfall in Arba Minch town is around 860 mm
and follows a bimodal distribution with a major rainy season
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Figure 1 — A, location of Nech Sar National Park in the rift valley of southern Ethiopia (adapted from https://commons.wikimedia.org/);
B, vegetation of Nech Sar National Park and location of the study site (adapted from Marsboom 2014), where FP stands for sites in the
“forest” and “P” sites in the “bushland”; C, major vegetation and geomorphologic units along a topographic transect (topography based on
SRTM data available from http://earthexplorer.usgs.gov; geology based on Makin et al. 1975).
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from April to May, and a minor rainy season from September
to October. Monthly average temperature ranges from 24 to
28°C.

Evidence from lacustrine deposits shows that Lake Abaya
and Lake Chamo were one single lake in the geologic re-
cent past (Ayenew & GebreEgziabher 2015). Volcanic and
tectonic activities during the Pliocene formed a strip of land
that separated the two lakes. This strip of land, known as ‘the
God’s bridge’, consists of volcanic cones and hills (fig. 1C).
The bedrocks consist mainly of Tertiary pyroclastic materials
and Quaternary basalt. The rift valley floor includes extensive
lacustrine, colluvial and alluvial deposits (Makin et al. 1975,
Ayenew & GebreEgziabher 2015).

Vegetation data

An exploratory survey was carried out in August 2012 dur-
ing which as many areas as possible were visited and from
which 1200 GPS points were recorded at 400 meter inter-
val. From these points a stratified random sample of 19 sites,
spread over 110 km?, were selected: ten sites from sites tak-
en as forest (sites with code “FP” in fig. 1B) and nine from
shrub and woodlands (code “P” in fig. 1B). Height and diam-
eter at breast height (dbh) were measured of the woody spe-
cies with a height of more than 2 m and a dbh of more than
2 cm in quadrats of 20 m x 20 m; specimens shorter than
2 m and/or with a dbh of less than 2 cm were counted. Plant
species which were difficult to identify in the field were col-
lected, pressed and dried and were identified at the National
Herbarium of Ethiopia. Nomenclature follows the Flora of
Ethiopia and Eritrea (Hedberg & Edwards 1989, Edwards et
al. 1995, Hedberg et al. 1995, Edwards et al. 1997, Edwards
et al. 2000, Hedberg et al. 2003, Hedberg et al. 2004, Hed-
berg et al. 2006). The list of recorded species is provided in
electronic appendix 1.

Soil data

At the centre of each of the 19 sites (fig. 1), a soil profile pit
was dug, up to 2 m where possible, and bulk samples were
taken from each horizon. The soil profiles were described
following the FAO guidelines (FAO 2006). Soil samples
were air dried and sieved (2 mm). The standard analyses
consisted of pH-H,O, electrical conductivity (EC) (both us-
ing a 1 : 2.5 ratio of soil : distilled water), bulk density (BD)
by gravimetric method using 100 cm?® Kopecky’s rings (van
Reeuwijk 2002); organic carbon (OC) and total nitrogen (N)
by dry combustion using an elemental analyser after hydro-
chloric acid treatment (Carlo Erba 1108) (Kirsten 1983). Cat-
ion exchange capacity (CEC), and exchangeable Ca*", Mg*’,
K", Na*, were determined using the silver thiourea (AgTU)
method and measured by atomic absorption spectrometry
(van Reeuwijk 2002). Calcium carbonate (CaCO,) was ana-
lysed by a rapid titration method with HCI (van Reeuwijk
2002). Soil texture was measured by Laser diffraction (Beck-
man Coulter LS 13 320) after hydrochloric acid (HCI) and
hydrogen peroxide (H,O,) treatment to remove carbonates
and organic matter, respectively (van Reeuwijk 2002). Soils
were classified according to the international soil classifica-
tion system ‘World Reference Base for soil resources’ (IUSS
Working Group WRB 2015).
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Data analysis

Species association was investigated with Two-Way Indica-
tor Species Analysis (TWINSPAN) based on the abundance
of species expressed as the number of stems per plot using
PC-ORD 4.0 (McCune & Mefford 1999). The following pa-
rameters were used: cut off levels set at 0, 2, 5, 10 and 20; the
minimum group size for division 5; the maximum number
of indicators per division 5, and 40 as the maximum num-
ber of species in the final table — being the 40 most com-
mon species — and the maximum level of divisions 5. Sub-
sequently, based on the four groups of the sites identified by
TWINSPAN (i.e. at the second level of classification), we
further identified species communities by applying the Indi-
cator Species Analysis on the forty most common species.
Indicator Species Analysis in PC-Ord involves the computa-
tion of indicator value for each species in each group. The
indicator value index is derived from the product of relative
abundance (specificity) and the relative frequency (fidelity).
Plant communities were named after the two species with
the highest indicator value. The probability that a given spe-
cies belongs to a particular community was determined by
a Monte Carlo randomisation test with 1,000 permutations.
The species richness was expressed as the number of species
per site. The species diversity per site was assessed by the
Shannon diversity and evenness indices. The differences be-
tween the vegetation groups in terms of stand characteristics
(basal area, stem density, crown closure, max tree height and
diversity indices) and in terms of soil characteristics were
assessed with the Mann-Whitney U test using SPSS (Kent
2012, SPSS 2008). Gradients in the floristic composition of
the 19 sites was analysed with Detrended Correspondence
Analysis (DCA) after log-transforming the number of indi-
viduals of species to reduce skewness.

As the first horizon could be as thin as 3 cm or as thick as
20 cm, values of physico-chemical characteristics of topsoil
were calculated as a weighted average of the surface hori-
zons between 0 and 20 cm. For example, for the soil OC con-
tent, a weighted average was calculated as

topsoil = Z Wi OCz
Where w, is the thickness of horizon i (in cm) divided by
20 cm.

For the subsoil, the characteristics of the horizons at
a depth of around 100 cm were taken. The variation of the
physico-chemical characteristics of the topsoil and subsoil
was assessed with factor analysis after VARIMAX rotation.
VARIMAX is an orthogonal rotation of the factor axes mini-
mising the number of factors needed to explain each vari-
able. It is commonly used as it makes the interpretation of
the underlying physical factors easier (Abdi 2003). Only the
factor axes with loadings of which the absolute values > 0.50
were taken to be significant. In the field, slope inclination
was determined with a clinometer and elevation with a hand-
held GPS. These data were found to be consistent with Digi-
tal Elevation Model (DEM) with a 30 m % 30 m resolution
available from http://earthexplorer.usgs.gov/. To assure co-
herence in the data, the topographic characteristics elevation,
slope aspect, slope inclination, topographic position index,
topographic roughness index, topographic wetness index
were derived from the DEM (data in electronic appendix 2)



http://earthexplorer.usgs.gov/
http://earthexplorer.usgs.gov/

Shetie et al., Elucidating woody vegetation patterns in tropical Africa

I - € 4 - - - - - - - 01 [4 - - - - - - Iy oL ysoQ (1) ystyo-vuids snydiziy
8 C 9 € - - - - - - C IT | 81 - - - - - - 0S pPL ISYOOH (‘YOTY'V) Pa.i1q vADI0.42]0S
81 0¢ LE 0E ¢ 9 s vl S [4 € €9 9 - - - - - - %99  P‘S SSNeIy'D) X "YUIog SISUajnIvu SNy
- - I - - - - - - - I 6 SI - - 9 I - 6 S¢ 2L [1oxq (‘we) sisuajp3auas snuajdvpy
- - - - - - - - - - 91 14! - - - - - - 9 %88  2°S 1 pADWDO DUDIUD]
- Tt - I ¢ - - - I S |1 - - - - - - 65 P°S 1810A ('PIIIM X2 "qx0Y) DSO4Aa DIS3oN],]
- I - - - - - - 1 - - Sl I - - I - - - 9f PL "qX0Y PILOUOUL DIPLO)
- - - - - - - - - - I - - - - - - I - 0¢ PL W DUDILLD DIPLO)
I - - - - - - - - - 9 81 z - - - - - - %96 PZ “JUDA WINID2INOD WNJALQUIO))
7 ¢ ¢ I - I - - I - z I - - - - - - - 8¢ PA " SLDN3uv.Apvnb snssi)
¢ I I - - - - - - - I I - - - - - - - L 9°S "SI0, DSouLIDf DGDPD)
- - z I I I - - - - I I - - - - - - I SS 2°L o (1) rovudA8an sapuvipg
) i S i S o » 18ug
bt £ 6 ! ! 8t L “(Yory"v X2 "I8YooH) snijofiqn. snjdydojry
I - I - - - - - - - 7 61| - Z - - - 8 L «€6 S ‘S "y$s10] psooun.if vydApoy
€1 s 1€ L 9 S 9 T - v | - - - - - - - 48 PZ ‘quag ([YeA) p42fijjou v1ovIY
€ € 9 € € - - L - - €l ! - - - - - - - «L P°S SWLRH po1dsia2.4q DIOPIY
Aunuwuwod
WNIDIINOY WN21qUI0) - DAIJi]]aW DIONIY
- - - - - - - - - - - T |08 € 9 € vI 8 1 SL 97 oIemOY ("WIOS OL]) HjjauIvp S1iday
- - - - - - - - - - 4 0¢ |66 vC S9 601 €L <C€ Ol $9 aL "puOS PUDIF2Ap DINIYILLL
- - ¢ I I - - - - - - I z - I I - - - ST 9L "] voIpUL SNpULILWD]
- - - - - - - - - - - S¢ | 9IT 8yl 96T €SI 99C 18 €8 49 oL 1oxeg SnIjofiurx.f snosiporunsdT
- - - - - - - - - - - - - 911 2 ¥ - - - «SL  9°S UOSIOPUY ' [, 12U0JSSUIAT] DIUIDIDL)
- - - - I I - S - - - - 9 - - - - - - L1 PL uoq'n X9 Ig Y 27]0U WNjaAquIo)
- - - - - - - - - - - - - 1€ 11 € - - - «SL Pz "UQSAI] uInu1]]0d wnjaLquio;))
AUNWWOd 22u0ISSUIAL] DIUIDADY
- WnU1j0d WNJ2IqUI0)
- - - - - - - - - - - - - I - (4 € 1% v | #x€8 9L [UeA vo1ouid pYIYILL]
r - ¢« T - - - - - - - oz - - - - Le 9L Jso@ (1) wstayo-vuds snydiziz
T - - | ¥ s€ YT 8 6v 69 11 | LS 2L "0d (P 2sudauing wn3azag
- - - - - - - - - - - - - 4 7 I L 1 - 4S P‘L ] SnAOWIO0DAS SNILL]
I st - - - - - - ! - 981 - L1 - - - Ic 1 L 6¢ 2z WISTH wn.loutaip najony
- - - - - - - - - - - - € - - - 8 T 1 «€8  PL yuung puvdLyp sy
- - - - - - - - - - 6 - - - - - - 6 7 It S ‘L PIIIA pypunovdjod v1ovoy
Lrunwwoed
PUDILLD SPJ3)) - PINIWD DIIYILL]

6d 6dd 8d Ld € 9d Sd ¥vd cd Id OIdd vdd | €dd 8dd LdA 9dd Sdd TdA Idd | (o) en
‘ $9199dg / Ayrunwwo))

uone)I3IA puepysng UoNBJIGIA 3$9.10 Al jueld

*SNONPIOAP = P ‘SNONPIOIP-TWAS = S ‘UIAITIOAD = 9 QUIA = A ‘qNIYS 10 331} [[BWS = 7 ‘qIIYS = S ‘0013 = [ :9p0d yen Jueld (10°0 > @) s« 10 (50°0 > ) 4 YIm
pajedrpur a1k Arunwwod 19d (A]) sonfea 103ed1pur sa103ds a3 JO S[AI] JudoYIUSIS PAudsaId are sa10ads uowuod 3sowr () Y3 LU0 NVAISNIM.L M padnoid o1om sdj1s pue so10dds oy ],
‘erdo1y)y wIYINOS Yaed [euoneN JIeS YoaN ul sa1ads Apoom jo (w g7 x w (7 Jo syod g1 ur 99udsaid) dduepunqy — | dqeL

49



2017
L. Evol. 150 (1),
Pl. Ecol.

elOp'
2.8 (QGIS Dev
ion 2.
GIS versio oil and
d with Q hy maalating
TOCESSE . comp by calcu CA
re p tion ¢ d by D
d we 014). egeta tigate n the
an nt Team 2 between VWaS inv?s e betwee ico_chel’n_
me lation istics fficien il phys
ela teris ion coe soil p
[ e The L . Chafac atlon. ta, the 3 nts
= ographic nk correl etation da tal gradlefor
o= top s ra veg istics. nmen ch
© an the eris iro roa
o g 1 N N Spearm ived fromh.c Charactd I.ly]ng eIlY direct apfp tors and
- = o — es der I'ap 1 he unde: thls 1mn tal ac h as
- & o o ~ ax d topogr: edt rred this nmen d such a
3 , o ‘ n der refe iro tho is
2 N o ical a e consi we p 11 EnVIr t me alys
— — n, ee ec An
é E Salac o~ IIASYVZS unkno‘;velation bit:;, than a dlgedundancy
=] — — — a . the .. rat 1 or
) oo <+ 0o 2« at pstigatlng osition e Analysis
< g‘: PONIS mve tion comp ondenc
g L 1 —_ 1 Vegetaical Corresp
E =~ P — Canon )
g ~ S 012). S
g oo N = (Kent 2 RESULT
5] n — PO
= [-W o 1-
& % E - o Lo forty faml7
Z § g E ' g = S be]onging t(;t famllyéil
p— ! . 1 n . e =
52 §l> N - ion patter t species, as the larg iliaceae, d
= O = S egetatl d plan ceac w cac, T 6%)! an
=7 g ~ SR o v 105 woo yThe Faba Capparacies each, species
i5% 2 t o -+ o In total’r . recordeﬁtwed by tlfe (six SO (foucries were
=S g - . (S fo iace Ru S S
$S2 |2 3 - lies, w 6%) horbi nd lant sp raus
Q'Uo /M O n ' .Sl Eup ae a dp CK
= £ 2 o= — < €Cies, nd race oody h. ex 2%)
= 5 =] [—— Sp . ac al Burse ent w is Bern . (4
<=3 , diacea ae, frequ sis Be lotica
il ! o acar inace ost talen ia ni
£E5.8 - © b Borag five m hus na %), Acac
527 v the %). The %), R 53%), IN-
g, g — < 4A)) . (58 ° SS~( ith TW >
€78 ~ 1o each, llifera icolor Ju 42%). ified wit d
s o , 1 . elll . o . ] . € 3 1an
§f i = - = Acaclo?)mGrewz“ bﬁaxin’fowss( were lderl;f’iamd bus:lgreen
i % » = Lo 2.6%), G scus oup “fore I evergreel
z 2 g o) Coa (5 niodi ion gr as ¢ ly ta is domi-
L o = Co . Leca etati d to antly is
£°238 | ' and jor veg ferre domin hland 1).
A~z =3 - . P 0 majo rther re 1s pre he bus (table
Eiel: & v Tw d are fu t harbou hile t trees forest
£Eg¢ = Co . an fores cies w iduous, f the
° S 3 o Lo SPAN . The ee spe n deci istics o | area,
3¢ o & v vegetali deciduous g small, °ft§ Characg?gcserent: b}? S.iaght are
o = [ ! 1- an tan ! y -
52 . ' sem bs he s rly tree \\
< N = 1 ' ' or Shru 2’ t Clea . m . HO
2% 2 Do natecll1 byn in tableetaﬁon e and e buShlanfdthe for-
2 = o ! ow eg re in index o 1
g 2 > Co v As's hland v closure than inde d level,
z 9> g ~ v d bushle crown etation vennes secon the
£ 9 g S o an nsity, t veg and e At the from
= g 2 = o T A m de fores . index land. FP5 her
I = o , ste. in the . ity 1 bushla and ot
S8 3 e b igher in divers f the bu: FP2 m the
> < — on a Lo h]g non hat o . FPly 10 fro
2 x5 o : Shan han t sites FP
&5 ° > = Co v ever, ert d the 4 and 0-
259 i . v s low rate FP cani
z 8 2 2 . t wa separa and ies are Le ;
TaE 2 gL Co €s PAN ites, ies a ium
S &S s £ . . INS rest s spec Syzyg .
£ s g = - v L T\l):;r four'fo st canopy ng Sond., se species
% g I & ' ! I ot hland sites. b ndallt fo;l.ella d}"egeamorus, Thelosed caIl"
TSN SO © 2 bus st abu Trichi ICUS SYCOMOrT toac ichi-
o N ! g 23 most abu , us n Tr
E 7.5 = gr el The xinifolivs C. and Fic resulting d into the bretum
= - fgsgyg €= discus fra(wiﬂd') D reen, “eﬁs subdlvlded the Comb, hilia
s &8 %8 A © o neense everg n be subc an Tric
E2 0 - 3 ° o o e uinee ostly tion ca munity an . The tall
Sgaw S A S ?ol‘m tall’ff;lrest Vegetfarica”a COH;' commulgg}r/ninatei b}C/’Om'
w S ~ ° | o The [tisa,. toner co is . The Co
o =3 = e = N y- 1he - Ce . ings nity ver. 1sts
g 5 PN op ca . liv mu 11 . onst
£8] £ = i lia emeticc Garc’"ﬁicana ound along .ﬂclzmmu‘”tygC which
=Zze | £ llinum liis afr Iy founc e o )
S | = ; cotin - Ce 1cally [vings Tecs ar ic.Serm
2 : 2 g emeﬂcgen trees ty%arcinla,lgeciduol{s ctzainell”h(P Lushland
£ E ° ) ) evergr linum - semi- Vep}"ls h. The ifera,
2 = '§ (3} %0 E\ bret”"f c‘;irgreenﬂ Trlge or Shrﬁ: undergrowzcacia n?e;lli{:sta'
2E = = e ) : eve o in ¢ ies, ic
§ £ g o o = Z aNg § of tallldemlc smaoccurlng llrlnmon sp?_farms andgeDtation can
9-4'3 ~ = < 5~ o ; 2 the e often ost co ispica dve leatum
P . | = 5 1o, m isp lan cule
e S s < 135 Vegetation s “dcacia (A The b“gfmbrew"?i;commu'
3 < = = = 2 5 B € ilotica, . . - ia nilotic
£2° s 33 Ry 2% 3 Aeacia nl"”’fuwghtf;mezw;erzcaaa nilo
o= — ~~ =S —— - . . c .S _
2 o 8 - 3 =~ d = 3 I 28 55 inerea he Aca ia molli
25 S |8 2 2% 5 = < £ $ 3 chys ¢l mto t ewia
TR 7o BE Y T2 ommunity and the G
EE S & = SYE S £33 283 community
2 ;E:?%E%;%S?%é%é
£8¢8 2 sg§§§§§§§§m“
S = S T8 S Q
g5y |5 S S S <34
= 8 £ & =3 AV
£2 | 25
S oS
SEE

W
(e



Shetie et al., Elucidating woody vegetation patterns in tropical Africa

Table 2 — Medians and inter-quartile range of stand and environmental characteristics of forest and bushland vegetation of Nech
Sar National Park, southern Ethiopia.

Only soil characteristics with p < 0.35 are shown; p value according to the Mann-Whitney U test for two independent samples; BS: base
saturation, calculated as the ratio between the total exchangeable base cations (Ca, Mg, K, Na) and the soil’s cation exchange capacity (CEC)
in percent; TPI: Topographic Position Index, calculated as the difference between a cell’s elevation and the average elevation of a 100 m
radius neighbourhood; TRI, Topographic Roughness Index (or Topographic Ruggedness Index), calculated as the square root of the sum of
the deviation of a cell’s elevation and an 8-cell neighbourhood; TWI, Topographic Wetness Index, determined by the local slope and size of
the upstream catchment area of a cell.

Forest vegetation (n =7) Bushland vegetation (n = 12) P
Stand characteristics
Basal area (m* ha') 150 + 192 24+ 14 <0.01
Stem density (number of stems ha™') 3250+ 2525 1200 + 2594 <0.03
Crown closure (%) 100 +£4 71 +£35 <0.01
Average max. tree height (m) 50+5 18+ 11 <0.01
Species richness (number of species) 15+7 24+ 11 0.07
Shannon diversity index 1.64 £0.56 2.7+£0.46 <0.01
Shannon evenness index 0.28£0.11 0.58+£0.11 <0.01
Topsoil characteristics
pH-H,0 7.9+0.5 73+1.7 0.22
BD (g cm™) 1.0 £0.04 1.0+£0.2 <0.01
CaCoO, (%) 6.6£1.9 2.1+3.9 <0.01
Ca (cmol kg™) 257+3.5 24.6 £13.5 0.31
CEC (cmol kg™") 40.6+3.0 37.9+15.0 0.31
Silt (%) 41.3+12.0 373+£114 0.09
Subsoil characteristics
pH-H,0 8.6+1.2 83+0.7 0.11
EC (uS cm™) 224.0 £120.6 132.3+124.9 0.02
CaCoO, (%) 73+2.1 34+53 0.04
Mg (cmol_kg") 159+7.1 11.5+94 0.09
Ca (cmol_kg") 29.2+13.5 222+12.4 0.35
BS (%) 100.0 £ 0.0 99.0+6.0 0.03
Topographic characteristics
Elevation (m a.s.l.) 1193 +17 1252 + 120 0.01
Slope (%) 3.70+8.3 9.15+23.87 0.21
Aspect (degree) 185+ 154 144.5 £ 156 0.31
TPI -0.24 £0.92 -0.35+1.90 0.80
TRI 0.94 +1.65 2.24+529 0.07
TWI 11.00+ 1.5 10.35+4.75 0.49

nity (table 1); the former typically has more trees, the latter
more shrubs.

DCA-1 corresponds to a gradient from forest to bush-
land (fig. 2). DCA-2 corresponds to a gradient from closed
to more open vegetation. For the sites of the forest this cor-
responds to a gradient from closed crowns of tall trees (sites
FP8 and FP7), typically with species of the Combretum col-
linum - Garcinia livingstonei community, to more open for-
est (sites FP1 and FP2) characterised by species from the

Trichilia emetica - Celtis africana community. For the sites
of the bushland, this corresponds to a gradient from close
stands of Acacia nilotica and Dichrostachys cinerea shrubs
(sites P4 and P5) belonging to the Grewia mollis - Acacia
nilotica community to more open shrubland and woodland
of the Acacia mellifera - Combretum aculeatum community
(sites P1, P3, P7 and P8). The sites FP4 and FP10, though
grouped by TWINSPAN as ‘bushland’, have many species in
common with the forest vegetation, and hence can be consid-
ered an intermediate group.
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Table 3 (continued) — Soil classification and physico-chemical characteristics of 19 soil profiles under woody vegetation of Nech Sar National Park, southern Ethiopia.

Soil names are following the World Reference base for soil resources (IUSS Working Group WRB 2015); textural classes according to FAO (FAO 2006) with SiC: Silty clay; C: Clay;

SiCL: Silty clay loam; CL: Clay loam; L: Loam; C:N, standing for soil organic carbon to nitrogen ratio; BS, base saturation (see full definition in table 2).
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Soil classification and characteristics

Soils under forest are dark, with Munsell colour values and
chromas of 3 or less, and with a silty clay texture. They gen-
erally have a high chemical fertility status. These soils have
high organic carbon, phosphorus and calcium carbonate con-
tent and also have a high cation exchange capacity (table 3).
The soils that are regularly flooded by the Kulfo river, are
classified as Panthofluvic Fluvisols and Orthofluvic Fluvi-
sols; those having shallow groundwater are Gleyic Cambi-
sols (table 3). Soils under bushland are mostly shallow and
have a sandy clay texture and have lower silt content than the
soils under forest. The soils found on the hills of the ‘God’s
bridge’ (fig. 1), which are developed on volcanic ejecta, are
Silandic Andosols and Vitric Andosols (table 3). The inter-
mediate vegetation group occurs on soils which have inter-
mediate soil properties: Fluvic Cambisols, i.e. weakly devel-
oped soils formed on alluvial deposits and Andic Cambisols,
weakly developed soils incorporating volcanic material.

The factor loadings of the physico-chemical charac-
teristics are presented in table 4. For the topsoil, the varia-
tion along Factor 1 corresponds to the parent material as it
has high loadings for cation exchange capacity (CEC), soil
texture (sand) and CaCO, content. The Factor 2 reflects ac-
cumulation of organic matter (OC, N) which occurs on less
favourable drained soils. For the subsoil, the variation along
Factor 1 is determined by soil reaction and alkalinity (pH,
Na’, EC, CaCO, and Mg*). The variation along Factor 2 is
again related to the parent material (sand, clay, CEC, Ca*',
CaCo,).

1.0

A <o
© FP8
Q
3 P4 P5
G0.5 - .
P6 <>FP7
" PO FPY p
S P2 " m 470 ey Fpe
S 0.0 |- p7 <
P1 L} FP4
[a)] l- Pg [}
P Fp1 PO
0.5
g '
FP2
& .
103 1 0 1 2
bushland forest

DCA-1
Legend

Forest communities
€ T. emetica - C. africana

Bushland communities
m G. mollis - A. nilotica

© A. mellifera - C. acculeatum <> C. collinum - G. livingstonei

Figure 2 — Ordination (DCA) of vegetation composition of 19 study
sites of Nech Sar National Park. DCA-1 corresponds to a gradient
from bushland to forest. DCA-2 corresponds to a gradient from
relatively ‘open’ to relatively ‘closed’ vegetation. FP stands for sites
initially regarded as ‘forest’ and P as ‘bushland’ — see table 1 for
details on the vegetation communities.
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Table 4 — Factor loadings after VARIMAX rotation of the topsoil
(0-20 cm) and the subsoil (c. 100 cm) characteristics.
Loadings with an absolute value > 0.5 are shown in bold.

Soil Topsoil Subsoil
characteristics Factor 1 Factor2 Factor1 Factor2
BD (g cm?) -0.57 -0.36 - -
Silt (%) 0.47 -0.51 -0.09 0.06
Clay (%) 0.37 0.39 0.10 0.63
Silt:Clay ratio -0.11 -0.27 -0.29 -0.07
Sand (%) -0.72 -0.10 -0.05 -0.73
CEC (cmol_kg") 0.96 0.02 0.48 0.85
CaCoO, (%) 0.59 -0.03 0.73 0.52
EC (uS cm™) 0.20 0.75 0.83 0.19
BS (%) 0.15 0.23 0.01 0.06
Mg** (cmol kg™) 0.68 -0.04 0.67 0.38
Ca* (cmol_kg") 0.93 0.08 -0.01 0.88
Na* (cmol_kg") 0.21 -0.02 0.86 -0.18
pH-H,0 0.07 -0.08 0.94 0.11
OC (%) 0.03 0.94 -0.43 0.38
N (%) -0.04 0.94 -0.37 0.29
C:N ratio 0.31 0.30 -0.32 0.34
K* (cmol kg™) 0.18 0.66 0.31 -0.04
P (mg/100g) 0.10 0.19 - -
% var 31.1 222 334 26.1
Cum Var% 31.1 533 334 59.5

Vegetation patterns in relation to soils and topography

Soils under forest and bushland are both moderately to
slightly alkaline, i.e. relatively high pH, CaCO, (%), EC, ex-
changeable Ca and Mg content. The alkalinity is more pro-
nounced under the forest than under the bushland; CEC and
silt content are also higher under the forest than under the
bushland (table 2). Elevation of the forest, being located on
alluvium in the lowest part of the rift valley is lower than that
of the bushland vegetation (table 2, fig. 1). Likewise, slope
inclination and topographic roughness index are higher un-
der the bushland.

As shown in table 5, DCA-1 of the vegetation, which
corresponds to the gradient from forest to bushland, is cor-
related to both topsoil and subsoil characteristics which can
be related to parent material (Clay %, CaCO, %) and alkalin-
ity (EC, BS %, Mg*, pH-H,0). This vegetation gradient is
however also correlated to topography, particularly elevation,
topographic roughness and local convexities as expressed by
the topographic wetness indices. DCA-2 of the vegetation,
which corresponds to a gradient from closed to more open
vegetation, is not meaningfully correlated with the environ-
mental variables (table 5).
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Table 5 — Spearman’s rank correlations between DCA axes of
the vegetation and soil and topographic characteristics.

Only the soil characteristics which are significant in at least the
topsoil or the subsoil are presented, n = 19; BS, base saturation; TPI:
Topographic Position Index; TRI, Topographic Roughness Index;
TWI, Topographic Wetness Index (see full definitions in table 2). *
Correlation is significant at the 0.05 level (2-tailed). ** Correlation
is significant at the 0.01 level (2-tailed).

Characteristics DCA1 DCA2
Topsoil
Silt (%) 0.41 -0.10
Clay (%) -0.51%* -0.06
CEC (cmol_kg™) 0.43 0.04
CaCo, (%) 0.71%* -0.16
EC (uS cm™) 0.36 -0.30
BS (%) 0.32 -0.18
Mg** (cmol_kg™") 0.30 0.06
pH-H,O 0.63** 0.04
Subsoil
Silt (%) 0.01 -0.58%*
Clay (%) 0.27 0.07
CEC (cmol_kg") 0.36 0.06
CaCo, (%) 0.69%* 0.14
EC (uS cm™) 0.69%* -0.08
BS (%) 0.71%* 0.05
Mg** (cmol_kg™) 0.58%* 0.10
pH-H,0 0.51%* 0.27
Topography
Elevation (m) -0.60%* -0.04
Slope aspect (degrees) 0.40 0.20
Slope inclination (%) -0.20 0.20
TPI 0.11 -0.15
TRI 0.51* -0.06
TWI -0.49* -0.11
DISCUSSION

Vegetation composition and soil classification

Based on the species abundance, forest and bushland could
be identified as two major vegetation groups, though many
species were found across these groups (table 1). The forest
vegetation corresponds to the ‘Somali-Masai riverine forest’
as described by White (1983) and has been named ‘ground-
water forest’ by Duckworth et al. (1992) and Fetene et al.
(2016).

The soil names of the international soil classification sys-
tem ‘World Reference Base’ (IUSS Working Group 2015),
which hinges on subsoil characeteristics, reflect well ecologi-
cal relevant properties such as the parent material (Andosols
vs. Fluvisols or Cambisols) as well as the water regime ex-
pressed as Fluvic, Vertic and Gleyic properties (table 3). The
forest vegetation occurs on alluvial deposits where ground-
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water is relatively shallow and on soils classified as Pantho-
fluvic Fluvisols, Orthofluvic Fluvisols and Gleyic Cambisols
(table 3). The bushland vegetation corresponds to ‘Acacia-
Commiphora deciduous bushland’ as described by White
(1983), Duckworth et al. (1992) and Soromessa et al. (2004).
It also corresponds to the ‘Somalia-Masai Acacia-Commi-
phora deciduous bushland and thicket vegetation’ of the po-
tential vegetation map of Ethiopia (Lilleso et al. 2011). The
bushland occurs on shallow, rocky soils of the ‘God’s bridge’
that are Vitric Andosols and Silandic Andosols or on Vertic
Cambisols on the basaltic platform (FP9) (fig. 1, table 3).

Vegetation patterns and environmental factors

Using multivariate analysis (TWINSPAN, DCA, Indicator
Species Analysis, Factor Analysis) and Spearman rank’ cor-
relation cofficient, it is possible to elucidate the patterns of
the woody vegetation of Nech Sar National park in terms of
soil and topographic characteristics. The gradient from forest
to bushland — as expressed by the DCA-1 (fig. 2) — could be
explained by soil characteristics reflecting the parent material
(table 5). As the topography is also determined by the parent
material, the major vegetation gradient is also significantly
correlated with topographic characteristics (table 5). Clearly,
soil characteristics and topography cannot be dissociated
from each other. Florinsky & Kuryakova (1996) advocated
using digital elevation models (DEM) for vegetation studies.
DEMs have, for example, been used to explain the relative
abundance of montane forests and herbaceous communities
in the Lassen Volcanic National Park in the USA (Pinder et
al. 1997), to explain grass-nutrient patterns in savanna range-
lands in southern Africa (Mutanga et al. 2004), and to deline-
ate land components (Mashimbye et al. 2014). Our data how-
ever shows that though topography can be a useful covariate
to explore vegetation patterns, to fully understand the varia-
tion in vegetation patterns both topsoil and subsoil character-
istics need to be taken into account. Concerning the subsoil,
our results constrast with the findings of Furley (1976) and
of Ruggiero et al. (2002), who reported only high correla-
tions between vegetation patterns and topsoil characteristics
and weak correlation with the subsoil. Ruggiero et al. (2002)
argued that vegetation influenced the characteristics of the
upper soil layers by the transfer of organic matter and nutri-
ents of soils with very homogenous subsoil characteristics.
The topsoil characteristics in our study area, of the relatively
young soils (Fluvisols, Andosols and Cambisols), seem to be
more determined by the parent material than by the vegeta-
tion. As parent material has a strong bearing on the topsoil
characteristics, we would argue that vegetation composition
is determined by topsoil characteristics rather than the other
way around. It could be argued that the high correlation we
found between subsoil and the vegetation groups, could be
due to the heterogenous nature of the subsoil as it concerns
relatively young, weakly developed soils. Our findings are
however in-line with the findings of Dondeyne et al. (2004)
who also found a clear correlation between woodland veg-
etation composition and the subsoil of more weathered soils
in southeastern Tanzania. As studies on tropical vegetation
are often restricted to topsoil characterestics (e.g. de Lima
Dantas & Batalha 2011, Vleminckx et al. 2015) on the argu-

ment that these are most correlated to vegetation structure,
this topic deserves more research.

Species diversity and enviromental factors

Though soil characteristics and topography clearly affect
species composition between the forest and bushland vegeta-
tion, the diversity across these groups expressed in terms of
species richness does not differ significantly (table 4). How-
ever, as indicated by the higher Shannon evenness index (ta-
ble 2), the vegetation of the bushland is more heterogeneous
than of the forest vegetation and which may be related to the
higher variability of soil characteristics and topography on
the ‘God’s bridge’ (fig. 1, table 4). The typical response of
species richness in relation to nutrient availability has been
described as a ‘humped-back curve’ whereby species rich-
ness is low at low nutrient levels, increases to a peak at inter-
mediate levels and declines more gradually at high nutrient
levels (Pausas & Austin 2001). The lack of significant dif-
ference in species richness between the forest and bushland
vegetation in our study could be due to the relative high soil
fertility under both vegetation groups eventhough the soils
belong to different Reference Soil Groups. However, the dif-
ferences in disturbance regimes between the forest and the
bushland should also be taken into account, and therefore
should further be investigated.

Vegetation patterns and disturbance factors

Variation within the forest as well as within the bushland —
as reflected by DCA-2 — is not meaningfully correlated with
neither soil characteristics nor with topography (table 5). For
the forest vegetation, the Combretum collinum - Garcinia
livingstonei community represents the least disturbed parts
of the forest. It is also in this community that Vepris dainel-
lii is found, which is an endemic species of southern Ethio-
pia and listed as threatened but of “least concern” (Vivero
et al. 2005). Prunus africana (Hook.f.) Kalkman and Cordia
africana are also found in this community and are considered
threatened species within Ethiopia. Based on our vegetation
records this community may be considered as the most valu-
able for conservation particularly given that evergreen for-
est has since long been under pressure from illegal firewood
collectors and some timber logging (Duckworth et al. 1992,
Aregu & Demeke 2006). Hence, human disturbance of the
forest seems to be the most likely factor to explain the differ-
entiation between the two forest communities, resulting into
the occurrence of species like Acalypha fruticosa Forssk. and
the invasive Lantana camara L. into the forest (table 1). For
the bushland it is harder to identify a root cause. Firewood is
also collected from the bushland but much less so than from
the forest. In contrast to the grasslands of the Nech Sar plain
(fig. 1), cattle is not being grazed in the bushland (Doku et
al. 2007, Yusuf et al. 2011) so grazing by cattle is unlikely
to be a factor of disturbance. The lack of large browsers over
the last decades — such as black rhinoceros [Diceros bicornis
(Linnaeus, 1758)] and elephants [Loxodonta africana (Blu-
menbach, 1797)] — could be a factor, as their absence will
favour the spread of thorny shrubs such as Acacia spp. and
Dichrostachys cinerea (Mukinya 1977, Owen-Smith & Cha-
fota 2012). Another factor could be the very low incidence of
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wildfires as, based on remote sensing data, Marsboom (2014)
demonstrated that only 68 wildfires were recorded within the
park between 2001 to 2013.

CONCLUSIONS

Our case study shows that the major pattern in the woody
vegetation of Nech Sar National Park is correlated to soil
characteristics and topography. The major variation of the
soil characteristics reflects variation in parent material and
which in turn is strongly related to the topography. Though
topographic characteristics turn out to provide useful covari-
ates to explain vegetation patterns, and have the advantage to
be easily available as digital elevation models, our case study
illustrates the importance of soil data of both the topsoil and
the subsoil. The floristic variation within the forest as well as
within the bushland is neither related to soils nor to topog-
raphy but can at least in part, be attributed to disturbances,
such as collection of firewood, logging, an to the absence of
large browser and wildfires.

SUPPLEMENTARY DATA

Supplementary data are available in pdf at Plant Ecology and
Evolution, Supplementary Data Site (http://www.ingentacon-
nect.com/content/botbel/plecevo/supp-data) and consists of:
(1) list of woody plant species recorded in 19 study sites in
Nech Sar National Park; and (2) topographic characteristics
of the 19 study sites in Nech Sar National Park as derived
from DEM data.
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