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Summary
Sustainable measures to reduce negative impacts of global change processes on
the provision of ecosystem services (ES) in sub-Saharan Africa have to be established
urgently. This can only be achieved on the basis of a sound understanding of how
different stressors influence those biodiversity components and ecosystem properties
(EP) that control ES provision. So far, assessments of biodiversity and EP sensitivity to
environmental influences have been focussing mainly on homogeneous ecosystems
like grasslands. However, in heterogeneous landscapes, which are of particular
importance due to their multifunctionality, this ecological background of ES
vulnerability has not yet been extensively studied.
As a contribution to fill this research gap, this thesis tested different approaches to
evaluate (1) biotic responses to environmental gradients and (2) combined effects of
environmental factors and biodiversity on EP in a heterogeneous landscape in NorthEast Tanzania. The study area was located in the central Mkomazi Water Basin, which
is characterized by a diverse inventory of natural and cultivated ecosystems.
In a first approach the sensitivity of biodiversity was described in terms of land
cover tolerance to different environmental gradients. Multivariate logistic regression
analysis and model averaging were applied to identify the major drivers of land cover
distribution in the study area. Subsequently, these models were used to calculate
tolerance ranges of 15 land cover types along gradients of the most important land
cover determinants which were disturbance and climatic factors. Evergreen highland
forests, riparian woodlands and homegardens were least tolerant to these factors and
therefore highly vulnerable to expected environmental changes. This is particularly
critical since these three land cover types were those with the highest annual net
primary productivity (NPP) and litter thickness, as a subsequent analysis of the
relation between EP and land cover types revealed.
In order to gain a more detailed and mechanistic understanding of the links
between environmental stressors, biodiversity response and EP sensitivity, two
approaches were applied that took a functional perspective on biodiversity. Firstly,
stepwise modelling was used to assess EP response to environmental gradients and to
measures of plant functional diversity, namely community weighted mean traits
(CWM) and community trait distribution metrics (CDM). Combined effects of abiotic
iii

factors, CWM and CDM best explained the variability in all three modelled EP (NPP,
litter thickness, erosion intensity). The second idea was to add the influences of biotic
responses. Thereto, specific trait effects on NPP were hypothesized in conjunction with
specific trait responses to environmental gradients. Path analysis with directional
separation tests was applied to assess the significance of each hypothesized
environment-trait-NPP link based on data from the entire study area as well as from
each of the two major ecological zones (lowlands and highlands) individually. Across
the entire study area, as well as in the lowlands, NPP was mainly determined by direct
effects of aridity, whereas in the highlands trait-mediated effects of disturbance were
most relevant.
Based on observations and regional predictions of climate change and population
growth major environmental changes have to be expected in central Mkomazi Water
Basin. These comprise increasing aridity, intensification of disturbance and reductions
of flow water availability. The results of this thesis revealed that particularly NPP would
be negatively affected by the projected environmental changes. While increasing
aridity is expected to directly limit NPP, increasing disturbance takes its effect on NPP
mainly through the loss of productive forests and their functional trait attributes.
Land cover based assessments of biodiversity and EP sensitivity have the great
advantage that they allow for rapid assessments, since relevant data are readily
accessible. However, they lack considerable detail since only EP responses to
environmental changes that translate into land cover change can be detected.
Furthermore, the biodiversity components that are responsible for the tolerance of
land cover types to environmental gradients cannot be identified. These problems are
avoided if EP sensitivity is assessed based on functional trait responses and effects. As
the results of this thesis showed, this approach can be generally applied to
heterogeneous landscapes, even though it is rather elaborate. A protocol is proposed
that outlines how this could be realized.
The approaches to conduct EP assessments in heterogeneous landscapes proposed
in this thesis still need to be thoroughly tested in other regions. Moreover, the
relevance of trophic interactions, intraspecific functional variability and repercussion
effects for EP sensitivity should be examined. Efforts should be made to answer these
open questions in order to provide the knowledge base for sustainable land use
management that strives to safeguard livelihoods in rural sub-Saharan Africa.
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Zusammenfassung
Zur nachhaltigen Minderung der negativen Auswirkungen von global wirksamen
Umweltveränderungen auf Ökosystemdienstleistungen (ÖSD) in Sub-Sahara Afrika,
müssen dringend adäquate Maßnahmen ergriffen werden. Dies kann nur auf
Grundlage eines umfassenden Verständnisses der spezifischen Effekte verschiedener
Stressfaktoren auf Biodiversität und wesentliche Ökosystemeigenschaften (ÖSE)
geschehen. Bisherige Untersuchungen zur Sensitivität von Biodiversität und ÖSE
gegenüber Umwelteinflüssen haben sich vornehmlich auf relativ strukturarme
Ökosysteme wie zum Beispiel Grünländer konzentriert. In heterogenen, multifunktionalen Landschaften hingegen, wurden diese ökologischen Hintergründe für die
Gefährdung von ÖSD bisher nur wenig erforscht.
Diese Arbeit soll dazu beitragen diesen Forschungsbedarf zu stillen. Dazu wurden
auf Basis verschiedener Ansätze folgende Fragestellungen untersucht; 1. wie Biota auf
Umweltgradienten reagieren und 2. wie sich Umwelteinflüsse und Biodiversität auf
ÖSE auswirken. Das Untersuchungsgebiet befand sich im zentralen Einzugsgebiet des
Mkomazi Flusses im Nordosten Tansanias. Dieses zeichnet sich durch eine hohe
Vielfalt an natürlichen und bewirtschafteten Ökosystemen aus.
Im ersten Ansatz wurde die Sensitivität von Biodiversität durch die Toleranz
verschiedener Vegetations- und Landnutzungstypen (VLT) entlang mehrerer Umweltgradienten beschrieben. Unter Anwendung multivariater logistischer Regressionsanalysen wurden Störungen, wie Beweidung, Holzeinschlag und Bodenbearbeitung,
sowie klimatische Faktoren als wichtigste Einflüsse für die Verbreitung von VLT im
Untersuchungsgebiet identifiziert. Entlang dieser Gradienten wiesen immergrüne
Bergwälder, Auwälder und Agroforstsysteme die geringste Toleranz auf. Gleichzeitig
waren dies die VLT in denen zwei der untersuchten ÖSE, Nettoprimärproduktion
(NPP) und Mächtigkeit der Streuauflage, die höchsten Werte erzielten.
Um ein detaillierteres Verständnis der Beziehungen zwischen Umweltveränderungen, den Reaktionen ökologischer Gemeinschaften und der Sensitivität von
ÖSE zu erhalten, wurden zwei Ansätze verfolgt die auf dem Konzept der funktionellen
Diversität basieren. Zunächst wurden die Reaktionen von ÖSE auf Umweltgradienten
und funktionelle Pflanzenmerkmale durch stufenweise Modellierung analysiert. Die
Variabilität von NPP, Streuauflage und Erosionsintensität wurden jeweils am besten
v

erklärt durch kombinierte Effekte abiotischer Faktoren und funktioneller Merkmale.
Im zweiten Ansatz wurden zusätzlich die Reaktionen funktioneller Merkmale auf
Umweltgradienten berücksichtigt. Ein hypothetisches Pfadmodell wurde entwickelt,
welches die Reaktionen funktioneller Merkmale auf Umweltgradienten mit deren
Effekten auf NPP synchronisierte. Dieses Pfadmodell wurde an den im Gelände
erhobenen Daten getestet; zum einen für das gesamte Untersuchungsgebiet und zum
anderen jeweils einzeln für die beiden wesentlichen Naturräume innerhalb des
Untersuchungsgebietes: das Hochland und das Flusstal. Während im gesamten
Untersuchungsgebiet und im Flusstal starke direkte Effekte von Aridität auf NPP
hervortraten, dominierten im Hochland indirekte Effekte von Störungen auf NPP,
welche über die Reaktionen funktioneller Merkmale zum Tragen kamen.
Erhöhte Aridität, Intensivierung von Störungen und verringerte Verfügbarkeit von
Oberflächenwasser sind wesentliche Umweltveränderungen die im Untersuchungsgebiet zu erwarten sind. Die Ergebnisse dieser Arbeit zeigen, dass insbesondere NPP
negativ von diesen Umweltveränderungen betroffen sein wird. Dies geschieht vor
allem durch direkte negative Effekte von erhöhter Aridität, sowie durch erhöhte
Störung welche sich unter anderem durch den Verlust produktiver Bergwälder und der
darin vorherrschenden funktionellen Merkmale nachteilig auf NPP auswirkt.
Untersuchungen der Sensitivität ökologischer Gemeinschaften und ÖSE basierend
auf VLT profitieren von der guten Verfügbarkeit geographischer Daten, auch für subSahara Afrika. Allerdings können mit Hilfe dieses Ansatzes nur Auswirkungen von
Umweltveränderungen auf ÖSE beschrieben werden, welche mit einer Veränderung
der VLT einhergehen. Weiterhin sind keine detaillierten Rückschlüsse über die
funktionellen Merkmale möglich welche die Toleranz der VLT gegenüber Umweltgradienten bedingen. Ansätze die sich auf die Analyse von Reaktionen und Effekten
funktioneller Merkmale stützen vermeiden diese Probleme. Auch wenn dies einen
wesentlich höheren Untersuchungsaufwand bedeutet, ist diese Methodik gut auf
heterogene Landschaften anwendbar. Am Ende dieser Arbeit wird ein Leitfaden
vorgeschlagen der aufzeigt wie dies umgesetzt werden kann.
Die in dieser Arbeit genutzten Ansätze zur Untersuchung von ÖSE in heterogenen
Landschaften sollten noch umfassend in anderen Regionen getestet werden. Zudem
bleiben offene Fragen zur Relevanz von trophischen Wechselbeziehungen,
innerartlicher

funktioneller

Variabilität

und

Rückkopplungseffekten

für

die

Sensitivität von ÖSE. Diese Forschungsaufgaben sollten angegangen werden um das
vi

nötige ökologische Verständnis zu erlangen welches für ein nachhaltiges Landnutzungsmanagement unabdingbar ist. Dies würde wesentlich zur Existenzsicherung
ländlicher Gemeinden in sub-Sahara Afrika beitragen.
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Chapter 1
Introduction and research objectives

CHAPTER 1

1 Introduction and research objectives
1.1

Properties, functions and services of ecosystems under
change
Human well-being is founded on a multitude of goods and services that are

provided by ecosystems (Sekercioglu 2010). This dependency is particularly high
among smallholder farmers and livestock keepers in rural sub-Saharan Africa and
other tropical regions (Scholes & Biggs 2004; Kumar & Yashiro 2014). Due to their
limited political and economic strength, these communities often lack the capacity to
substitute the services which they obtain from ecosystems (Díaz et al. 2006).
Essentially, these services comprise the provision of natural resources (e.g. crops,
fodder, timber, firewood) and non-material values for the communities’ benefit (e.g.
ritual places), the regulation of biogeochemical processes (e.g. water and nutrient
cycling) and the maintenance of ecosystem functioning in neighbouring agroecosystems. They have been described as provisioning, cultural, regulating and
supporting ‘ecosystem services’ (ES) (MEA 2005).
Each ecosystem provides a specific set of ES. Consequently, in heterogeneous
landscapes a lot of different ES are provided, which are however unevenly distributed
(Willemen et al. 2008; Burkhard et al. 2009; Bolliger et al. 2011). Rural communities
in sub-Saharan Africa commonly rely on a multitude of ES (see examples in: Scholes &
Biggs 2004; Sileshi et al. 2007). In order to maintain their livelihoods, it is therefore
important to sustain the multifunctionality of landscapes (Bolliger et al. 2011). This
can only be accomplished if land use managers have access to information about how
ES respond to different land use activities and environmental changes (Willemen et al.
2008; Yapp, Walker & Thackway 2010).
However, ES response is not directly controlled by anthropogenic and abiotic
stressors. Instead, land use and environmental change influence ES through their
effects on biodiversity and the properties and processes that characterize ecosystems
(Hooper et al. 2005; Díaz et al. 2006). Changes in major ecosystem properties and
processes modify ecosystem functioning, which in turn affects the type and quality of
services provided by ecosystems (de Groot et al. 2010; Burkhard et al. 2012). In other
words, the effects of land use and environmental changes on ES provision are
2
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conditioned by the responsiveness of biodiversity and ecosystem properties and
processes to the changing environmental factors.
Sound understanding of this ecological background is a major requirement for
robust assessments of the various threats to ES provision (Bennett et al. 2015). In this
thesis, approaches to build this understanding in heterogeneous landscapes with a
regional focus on sub-Saharan Africa were tested and discussed. In detail, possibilities
were explored to assess (1) the size and direction of biotic responses to gradients of
environmental conditions and disturbances and (2) the combined effects of
environmental influences, disturbances and biodiversity on ecosystem properties.
Ecosystem processes were not assessed, hence this thesis simply refers to ecosystem
properties (EP) for the sake of convenience. Nevertheless, ecosystem processes are
equally concerned by the issues covered in this thesis.
Several approaches exist to analyse the effects of environmental stressors on
biodiversity and EP. Each of them examines biodiversity at a different scale. Probably
the first idea would be to focus on species and populations. Their responses to
environmental gradients can be determined at relatively high detail by the application
of species distribution models (Elith & Leathwick 2009). However, investigating
species’ effects on EP is complicated, since this relies on information about the
functional roles of each individual species (Díaz & Cabido 2001). Especially, in
heterogeneous landscapes with high species richness that have not yet been extensively
studied, this kind of information commonly is incomplete. Therefore, alternative
options have to be used. One is the concept of ‘landscape functions’ that has already
been adopted by several planning authorities (Burkhard et al. 2009). It simply relates
multiple EP and ecosystem functions to different types of ecosystems or land cover
units, which describe biodiversity at rather low resolution. EP response and threats to
ecosystem functioning can then be explored directly from potential land cover changes.
Another alternative is to examine biodiversity in terms of functional diversity. This idea
acknowledges that it is not primarily the identity of species which controls their effects
on EP, but rather their functional traits (Díaz & Cabido 2001; Díaz et al. 2006;
Sekercioglu 2010). In addition, functional traits determine biodiversity response to
environmental gradients (Lavorel & Garnier 2002; Laliberté & Tylianakis 2011) and,
consequently, provide powerful links to evaluate potential effects of environmental
change on EP (Díaz et al. 2013). Both, the land cover based approach as well as the
functional trait approach have been applied and evaluated in this thesis.
3
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Box 1

Figure Box 1. The cycle of global change. The numbers on the arrows mark explanations
that follow in the text below
Accelerating resource exploitation and land use intensification have direct and indirect
impacts on local environmental conditions. (1) Direct impacts comprise for instance habitat
fragmentation or pollution. (2, 3) Indirectly, the increasing anthropogenic interferences in
ecosystems affect local environmental conditions through disruptions of global
biogeochemical cycling (Vitousek et al. 1997; Foley et al. 2005). For instance, the
substantial increase of anthropogenic greenhouse gas emissions causes global temperature
rise and shifts in global heat and moisture circulation (IPCC 2013). This leads to extensive
changes of regional and local climate. Extraction and pollution of water resources,
regulation and channelization of rivers, as well as surface sealing in catchment areas
diminish freshwater reserves and change hydrological processes (Vörösmarty et al. 2010).
Industrial production of reactive nitrogen and its excessive application in agriculture lead
to the depletion of other soil nutrients and cause eutrophication of soils, freshwater
ecosystems and coastal marine habitats (Fowler et al. 2013). (4) Carbon, water and nutrient
cycles are interrelated, hence the disruption of one global biogeochemical cycle affects the
others as well (Vitousek et al. 1997).
4
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Box 1 (continued)
(5) Local environmental change involves modifications of biotic communities’ habitats.
This triggers invasion and extinction processes, which often cascade through several
trophic levels and affect individuals, local populations, as well as entire species (Chapin et
al. 2000; Sekercioglu 2010). (6) Additionally, biotic communities are directly influenced
by human interferences like biomass removal in the wake of harvesting or weed control and
the introduction of alien species (Brook, Sodhi & Bradshaw 2008; Peres 2010). (7) The
shifts in biotic community composition as well as direct effects of local environmental
change entail alterations of ecosystem properties, processes and functions (Chapin et al.
2000; Díaz et al. 2006; Hooper et al. 2012).
Eventually, the cycle of global change is closed by feedback effects of biodiversity loss and
ecosystem change on local environmental conditions and global biogeochemical cycling.
(8) Prevailing ecosystem properties and processes influence local abiotic conditions. For
example, changes in albedo, transpiration and heat flux due to alterations of litter layer and
canopy structure, affect local microclimate and soil water availability (Chapin 2003). (9)
Furthermore, fundamental ecosystem processes like primary production, respiration and
decomposition considerably contribute to global carbon, water and nutrient cycles (Loreau
et al. 2001; Sekercioglu 2010; Settele et al. 2014). Consequently, ecosystem changes might
further enhance the human-induced disruptions of biogeochemical cycles. For instance the
loss of tropical forest ecosystems in response to global change, eliminates carbon sinks and
increases the rate of carbon emissions (Phat, Knorr & Kim 2004). On the other hand,
ecosystem change can contribute to reduce the disruptions of biogeochemical cycles (e.g.
formation of additional carbon sinks by afforestation of farm land). (10) Lastly, biodiversity
loss and changes in ecosystem functioning affect the availability of natural resources and
the suitability of ecosystems for different land use activities (Chapin et al. 2000).

Sound knowledge about ecosystem response to different stressors and the effects
on ES provision have become particularly important in the light of current threats by
global change processes. Following population growth, economic development and
technological advancement human demands for natural resources have been rising
rapidly. In order to meet these demands, land use activities have been intensified in
most parts of the world (Vitousek et al. 1997; Foley et al. 2005). This led to changes in
local environmental conditions, global biogeochemical cycling, biodiversity and
ecosystem functioning. Box 1 outlines the most important aspects of this vicious cycle
of global change. Biodiversity loss and ecosystem degradation in the wake of global
change impair the provision of crucial ES and therefore endanger the
multifunctionality of landscapes (Díaz et al. 2006; Sekercioglu 2010). Particularly the
poor, ES dependent rural communities of sub-Saharan Africa are threatened by this
development. They already face impacts of global change processes, including the
depletion of soil nutrients, the reduction of freshwater availability and in some regions
fuel wood shortages (Smaling, Nandwa & Janssen 1997; Scholes & Biggs 2004; van
Jaarsveld et al. 2005). In order to re-establish and maintain human well-being in sub5
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Saharan Africa, biodiversity loss and ecosystem degradation have to be countered
urgently.
Irreparable negative impacts of global change on ecosystem functioning and
livelihoods in sub-Saharan Africa and elsewhere can still be avoided (Scholes & Biggs
2004). Strategies to achieve this aim should prioritize two aspects: (1) safeguard the
provision of ES crucial for local communities’ livelihoods (MEA 2005) and (2) address
multiple processes that fuel global change simultaneously, persistently and across
different scales (Brook, Sodhi & Bradshaw 2008; Heller & Zavaleta 2009). Meaningful
concrete measures differ among the scales of action. At global scale, the major objective
should be to attenuate the disruptions of biogeochemical cycles with a specific focus on
carbon cycling and climate change. However, commensurable effects will delay by
several decades due to enormous time lags between the emission of carbon and its
effects on climate (IPCC 2013). Moreover, until today no international consensus exists
upon a global action plan (Chapin et al. 2010). At regional and local scales it is therefore
often necessary to adapt to changing climatic conditions (Heller & Zavaleta 2009).
Many other threats to ecosystems and the related ES provision emerge from local land
use activities and anthropogenic disturbances (MEA 2005; Chapin et al. 2010).
Minimizing these negative land use effects on environmental conditions and
biodiversity can help to sustain ecosystem functioning and at the same time increases
resilience to climate change (Klausmeyer et al. 2011; Settele et al. 2014). Assessments
of ES vulnerability and the underlying EP sensitivity are necessary to identify
detrimental influences on ecosystems and to select appropriate counteractive
measures.

Thesis outline
This thesis presents the results of a research which was conducted in North-East
Tanzania between 2011 and 2015. This study investigated (1) biodiversity response to
environmental gradients and (2) ecosystem properties response to environmental
gradients and biodiversity. Apart from an evaluation of the specific EP sensitivity in
the study area, the aim was to compare the applicability and performance of land cover
based versus functional diversity based approaches in heterogeneous landscapes.
In spite of the high relevance of ES provision in rural sub-Saharan Africa, this part
of the world is still insufficiently studied. Like in other developing regions, capacities
6
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to undertake research on global change threats to biodiversity and ecosystem
functioning are still strongly limited (Barber et al. 2014). This calls for increased efforts
to improve the availability of relevant data in sub-Saharan Africa. Therefore, a
particular interest of this thesis was to put a regional focus on sub-Saharan Africa. It
was based in North-East Tanzania, which is highly representative for rural subSaharan Africa.
In Chapter 2 the study area is introduced and methods are described that were
applied to build the general data base. The assessment of land cover response to
different potential environmental stressors as a tool for rapid assessments of
biodiversity and EP sensitivity is addressed in Chapter 3. In order to gain additional
detail, Chapter 4 explores the response of EP to environmental gradients and plant
functional traits across the entire study area. In Chapter 5, more complexity is gained
by an application of functional response-effect modelling to the heterogeneous
landscape of the study area. Chapter 6 synthesizes the major results concerning the
sensitivity of biodiversity and EP to different stressors in the research area. Advantages
and disadvantages of land cover and functional diversity based approaches are
discussed. Finally, the land cover and functional diversity approaches are combined
into a protocol for the assessment of EP responsiveness to environmental factors
mediated by biodiversity effects at the landscape scale.

1.2

Frameworks to describe global change threats to ecosystem
functioning
As outlined above, a major precondition for the development of sustainable land

use management strategies is to ascertain how global change affects ecosystem
functioning and ES provision. The key to identify these ecological threats is sound
understanding of biodiversity and EP responses to environmental stressors. In order
to describe this context a framework had been devised which is discussed in the
following sections.

7
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1.2.1

The concepts of vulnerability and resilience

Global change processes impact not only ecosystems and their functions, but
equally concern societies, economies and politics. Unsurprisingly, a wide range of
research communities (e.g. ecologists, geographers, social scientists, economists)
conceptualized the evaluation of global change threats in various frameworks (Miller
et al. 2010). Most popular and widely recognized in this context are the concepts of
vulnerability and resilience. The notion of vulnerability emerged from geography and
gained considerable relevance in climate change research (Janssen 2007). It describes
the susceptibility of a system to environmental change and its (in-)ability to adapt
(Adger 2006). Resilience originates from ecology (Janssen 2007). It essentially
describes the ability of a system to resist stresses, to maintain major functions in the
event of disturbance and to recover (Carpenter et al. 2001). In spite of their opposing
perspectives (vulnerability: negative; resilience: positive) both concepts have a lot of
commonalities (Miller et al. 2010). Hence, they equally suit to explain global change
threats to different systems. As a matter of fact, neither is resilience restricted to
ecology nor is vulnerability restricted to geography and climate change research.
However, a major problem in the application of both concepts is that definitions
of vulnerability and resilience determinants vary among different schools of thought
(Gallopín 2006; Miller et al. 2010). Contradiction, overlap and confusion in the use of
terms related to vulnerability and resilience hamper cross-sectoral evaluation of global
change threats (Gallopín 2006). To minimize these problems, Miller et al. (2010)
called for clear definitions in vulnerability and resilience research.
This thesis adhered to the vulnerability concept since major components of
vulnerability suit well to depict the role of biodiversity and EP as modulators of global
change threats to ecosystem functions.

1.2.2

Ecosystem functioning vulnerability framework

In the context of this thesis, ‘vulnerability’ refers to the susceptibility of ecosystem
functions and related ES to negative effects of different environmental stressors. This
is in accordance to other, more general definitions of vulnerability (e.g. Turner et al.
2003; Williams et al. 2008). As outlined by Turner et al. (2003), the vulnerability of a
system is generally determined by external as well as system-intrinsic features. On
8
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account of this principle and based on the framework by Klausmeyer et al. (2011), here
vulnerability determinants are described as illustrated in Figure 1.

Figure 1. Framework for the assessment of ecosystem functions vulnerability

External vulnerability determinants include all those environmental changes and
direct anthropogenic interferences that take affect at the place of question (Gallopín
2006). They are referred to as ‘exposure’ (corresponding to ‘local environmental
change’ in Figure Box 1). Governed by physiological features, ecological behaviour and
genetic diversity, ecosystem-intrinsic biodiversity components show differential
responsiveness to different environmental gradients (sensitivity) (Williams et al.
2008). Consequently, the level of sensitivity is decisive about the ‘impact’ an exposure
has on a biodiversity component (corresponding to ‘shifts in biotic community
composition’ in Figure Box 1). Likewise, the impacts of environmental change on EP
are controlled by EP sensitivity to the respective environmental gradients (Díaz et al.
2007b). In addition however, EP are affected by biodiversity shifts, depending on their
sensitivity to biotic influences (Lavorel & Grigulis 2012). For this reason, impacts on
EP might be buffered if the changes of multiple biodiversity components that
contribute to the same EP compensate for each other. This effect, commonly known as
9
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‘biotic response diversity’ (Mori, Furukawa & Sasaki 2013), constitutes ‘adaptive
capacity’. The impacts of environmental changes and biodiversity shifts on EP can
either be positive (increased performance) or negative (decreased performance). If
negative impacts prevail, ecosystem functions’ vulnerability will be correspondingly
high. On the other hand, ecosystem functioning might benefit if relevant EP respond
positively to environmental change. Figure 2 illustrates how differences in the
sensitivity of biodiversity components and EP control the impacts of different
environmental changes on EP in three abstract examples.
In order to gauge vulnerability, all relevant vulnerability determinants have to be
assessed (Turner et al. 2003). Thanks to extensive efforts by the scientific community
and collaborations like the Intergovernmental Panel on Climate Change (IPCC),
exposure generally can be ascertained at relatively high detail. Projections of future
changes in global land use, climate, water availability, nutrient load and other factors
yield increasingly robust outputs (e.g. IPCC 2013; Seager et al. 2013). And even though
higher-resoluted, regional data are not yet available for all parts of the world,
approaches to downscale global models are well advanced (e.g. Tadross & Wolski
2010). Furthermore, uncertainties in predictions of future environmental conditions
can be compensated by the development of internally consistent scenarios (Peterson,
Cumming & Carpenter 2003).
In contrast, the evaluation of ecosystem-intrinsic vulnerability determinants
remains challenging (Williams et al. 2008). This accounts particularly to the sensitivity
of biodiversity and EP to changing environmental factors. Probably to avoid these
challenges, many studies of ecosystem vulnerability to climate change acknowledged
only exposure, but disregarded ecosystem-intrinsic features (Watson, Iwamura & Butt
2013). However, as explained in Figure 1, this information is integral to reliably
determine ecosystem functions’ vulnerability.
In the light of these problems, this thesis intended to study and evaluate different
approaches for the assessment of biodiversity and EP sensitivity. However, the aim was
not to perform entire vulnerability assessments.

10
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Figure 2. Theoretical impacts of different local environmental changes on biodiversity
components and an ecosystem property (EP). Each biodiversity component shows different
sensitivity to different abiotic factors (left table): ++ strongly positive relation, + positive
relation, 0 no relation, - negative relation, - - strongly negative relation. Controlled by that,
each environmental change has specific impacts on each biodiversity component (the three
graphs). Likewise, the EP shows different sensitivity to different abiotic factors and
biodiversity components (right table). EP response can be buffered by the diversity of impacts
on biodiversity components that have similar effects on the EP (see lowermost graph). The
white area in the middle of each graph indicates the conditions before changes occurred. The
distance by which each environmental factor, biodiversity component and EP deviated from
this white area indicates the size of change
11
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1.3

Biodiversity and EP sensitivity: the land cover perspective
The most distinct manifestation of ecosystem response to global change processes

certainly is the transition of one ‘ecosystem type’ into another (Lambin, Geist & Lepers
2003). Therefore, the susceptibility of an ecosystem to change into another type is a
possible measure of ecosystem vulnerability, albeit of rather low detail. However, a
clear description of different ecosystem types is problematic. The reason is that
ecosystems lack distinct boundaries, cover multiple scales and are nested within each
other (Settele et al. 2014). To bypass this challenge, some scholars delineated
ecosystem types through land cover classes (e.g. Lung & Schaab 2010; Burkhard et al.
2012). Certainly, this is a radical simplification of ecosystems. Still, it is justified by the
fact that land cover essentially represents vegetation, which is the most distinct
component of biodiversity in ecosystems and performs crucial functions like primary
production (Yapp, Walker & Thackway 2010).
Since land cover represents vegetation, it can be expected that most of the stressors
which affect primary producers in ecosystems also influence the spatial distribution of
land cover units (Yapp, Walker & Thackway 2010). Hence, responses of primary
producers to environmental change, sooner or later translate into land cover change.
In sub-Saharan Africa for example, increasing disturbance induced by land use
expansion led to extensive land cover changes (Box 2). Putting these aspects into
vulnerability terms, land cover units, as representatives of biodiversity, are responsive
to different environmental gradients. Consequently, the sensitivity of biodiversity can
be assessed as the sensitivity of different land cover units.

Box 2
Since the colonial era, considerable land cover changes have been occurring in many parts
of sub-Saharan Africa. Similar to developments in other world regions, the expansion of
croplands at the expense of natural ecosystems has been the most prevalent transformation
(Lambin, Geist & Lepers 2003). Brink and Eva (2009) found that between 1975 and 2000
agricultural land area in sub-Saharan Africa increased by 57% with regional hotspots in
West and East Africa. Most of the newly established cultivated land replaced dry forests
and non-forested savannas, whereas humid forests were less affected than in other tropical
regions. In addition, locally relevant land cover changes include the transition of forests
into pastures (open woodlands, grasslands) and the loss of croplands to expanding urban
infrastructure (Lambin, Geist & Lepers 2003).
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There are further aspects that support the suitability of land cover for ecosystem
vulnerability assessments. Most land cover types can be characterized by specific
predominant EP (Yapp, Walker & Thackway 2010). Several examples exist where this
was implemented (e.g. Egoh et al. 2008; Davies et al. 2011). Therefore, it is possible to
assess the impacts of environmental changes on EP through information about the
sensitivity of land cover units. Additionally, ecosystem functions and related ES
(‘landscape functions’) can be linked to different land cover units based on stakeholder
interviews, expert knowledge or measurements (Burkhard et al. 2009; Burkhard et al.
2012). Hence, the land cover distribution in a landscape provides spatially explicit
information about ES (de Groot et al. 2010; Bolliger et al. 2011). As land cover changes
in the wake of environmental change, ecosystem functioning and the provision of ES
are affected accordingly (Yapp, Walker & Thackway 2010; Burkhard et al. 2012).
The key to assess the vulnerability of ecosystem functioning based on land cover is
the analysis of land cover sensitivity. Several efforts have been made to study land
cover response to gradients of land use and environmental factors and to predict future
land cover distributions. The application of Markovian transition probability models
(TPM) (Usher 1981), presumably is the most common approach (e.g. Serneels &
Lambin 2001; Rutherford et al. 2008). To build TPM, observed land cover changes are
related to the environmental conditions under which they occurred. Alternatively,
geographers for instance relate land cover changes to socio-economic conditions (e.g.
Maeda et al. 2010). Each TPM evaluates the probability for a specific land cover
transition along these gradients. The relevance of each stressor can be estimated from
its relative importance for the different modelled land cover transitions (cf. Rutherford
et al. 2008). Furthermore, TPM can predict land cover changes that are likely to occur
under different scenarios of future climate, water availability, land use etc.
In spite of their popularity, land cover TPM have several shortcomings. One is their
dependence on historical land cover data. In cases when these data are not available at
adequate spatial and temporal resolution, modelling results will not be reliable.
Another problem is that with increasing number of studied land cover units (k) and
time steps (m), the number of transitions which have to be modelled rises
exponentially (km) (Usher 1981). In most cases a relatively large number of theoretical
land cover transitions will not be observed in the dataset. These transitions are
automatically assigned zero probabilities in the modelling process. However, this is not
necessarily true for each of them. The occurrence of environmental changes that had
13
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not been observed before might cause unpredicted trajectories of land cover change.
Finally, TPM are not focussing explicitly on land cover units, but on their specific
changes. As a result of this, conclusions on sensitivity and adaptive capacity of specific
land cover units cannot be drawn directly from the modelling output. Instead it is
necessary to analyse all TPM that include a certain land cover unit.
Analyses of land cover sensitivity to environmental gradients and land use do not
necessarily have to be based on data that cover temporal variation. Alternatively, land
cover response can be derived from variation along spatial gradients of environmental
conditions and land use. This approach originates from species distribution modelling
(Elith & Leathwick 2009). The basic idea is that the distribution of each land cover type
in a landscape is limited by a specific range of environmental conditions and land use
regimes (Di Gregorio & Jansen 2005). These limits can be determined for each land
cover unit, based on its observed distribution. Moreover, it is assumed that land cover
units shift as the limits are exceeded in the wake of environmental change (Lambin,
Geist & Lepers 2003). The distance between the limits indicates how much
environmental variation the respective land cover type can tolerate.

Box 3
For the distinction of different land cover units, numerous classification systems are
available, normally tailored to specific scales, regions and purposes. For example in
Europe, the CORINE land cover classification is widely applied (CEC 1995) and Thompson
(1996) developed a classification for South Africa, whereas UNESCO (1973) proposed a
classification for global land cover. However, most land cover classification systems are
limited to the scale and region for which they were fitted. Furthermore, comparison and
translation between different classification schemes is complicated. As Jansen and Di
Gregorio (2002) pointed out, the reason for these problems is that the discrimination
between land cover classes is often based on descriptions. Criteria to distinguish between
classes are not clearly defined, are used inconsistently or have no relation to land cover (see
Jansen and Di Gregorio (2002) for examples). Furthermore, many classifications fail to
clearly discriminate between land cover and land use. This is probably due to the close
relation between both. Land cover is defined as vegetation and man-made structures on
the surface of the earth, whereas land use depicts all human activities that affect land cover
(Di Gregorio & Jansen 2005). Some land cover types emerged from specific land use
activities, which can therefore be depicted directly from observations (e.g. housing).
However, in most cases land cover alone does not provide sufficient information to
determine all existing land uses at a specific place (Verburg et al. 2009). Hence it should
be avoided to mix them up.
In the light of these problems the Food and Agriculture Organization of the United Nations
(FAO) and the United Nations Environment Programme (UNEP) developed the Land
Cover Classification System (LCCS) (Di Gregorio & Jansen 2005). LCCS is applicable in
every part of the world at any desired scale and is compatible with other existing land cover
classifications.
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Even though there are examples for ‘land cover distribution modelling’ (e.g.
Peppler-Lisbach 2003; Bader & Ruijten 2008), methods to measure the tolerance
ranges for land cover units have not yet been established. In Chapter 3 of this thesis an
approach to measure tolerance ranges along multiple environmental gradients is
described and discussed at length. This metric was denoted as land cover tolerance
and can be interpreted as an inverse of land cover sensitivity. A narrow tolerance range,
for instance, would imply that a land cover unit cannot tolerate much variability of the
respective environmental factor.
A problem in land cover related research is that the most commonly applied land
cover classification systems are affected by inconsistencies and poor reproducibility.
The validity of ecosystem vulnerability assessments based on these classification
systems therefore might be confined. However, an alternative classification scheme is
available that overcomes these problems (Box 3). It was applied in this study to
determine land cover units in the research area (Chapter 3).

1.4

Biodiversity and EP sensitivity: the functional diversity
perspective

1.4.1

Functional diversity and biotic response-effect relations

A mechanistic understanding of the links between environmental stressors,
biodiversity response and EP sensitivity can be built if biodiversity is viewed from a
functional perspective (Díaz et al. 2007b; Díaz et al. 2013; Wood et al. 2015). This
involves the description of biotic communities through ecologically relevant features
of organisms. These morphological, physiological, phenological and behavioural
features are referred to as ‘functional traits’ (Violle et al. 2007).
Each biotic community features a certain range of functional trait 'attributes'
(sensu Violle et al. 2007) determined by the differences between individual organisms
and species within the community. Identity and diversity of the trait attributes in a
community are described as ‘functional diversity’ and play a central role in major
ecological processes (Díaz & Cabido 2001; Petchey & Gaston 2006). Firstly, functional
diversity determines how biotic communities affect EP (Hooper et al. 2005; Díaz et al.
2006; Díaz et al. 2007b). This influence is mediated by the attributes of all those
15
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functional traits that exert a direct impact on ecosystem operation, commonly called
‘effect traits’ (Suding et al. 2008). For example, leaf traits, like specific leaf area (SLA)
or leaf dry matter content, were found to have considerable effects on primary
production and litter decomposition (e.g. Laliberté & Tylianakis 2011; Lienin & Kleyer
2012). Moreover, functional diversity controls biodiversity response to environmental
gradients and disturbance regimes, determined by specific attributes of functional
‘response traits’ (Lavorel & Garnier 2002; Suding et al. 2008). For instance, intensive
grazing filters plants with defence structures or low canopy height against unprotected
or high growing species (Skarpe & Hester 2008; Lienin & Kleyer 2011).
Functional diversity based assessments of EP response fit well into the ES
vulnerability framework (Figure 1). Response traits control the impacts of
environmental change on biodiversity, since they determine the sensitivity of
biodiversity components to different environmental gradients. Likewise, impacts of
environmental and biodiversity change on EP are governed by EP sensitivity to
different environmental gradients and effect traits. Finally, functional diversity based
approaches can depict the adaptive capacity of biotic communities which buffers
impacts on EP. Adaptive capacity is determined by the response diversity of
biodiversity components that share common effect traits (Mori, Furukawa & Sasaki
2013).
Several relationships between environmental conditions, functional diversity
components and EP have been found to follow general trends (e.g. ‘leaf economics
spectrum’ (Wright et al. 2004), ‘fast-slow plants economic spectrum’ (Reich 2014)).
Furthermore, the focus on functional diversity allows comparisons between
phylogenetically different biotic communities (cf. Cowling & Witkowski 1994),
something that species-based approaches cannot render. Consequently, assessments
of biodiversity and EP sensitivity based on functional diversity should be applicable
across broad spatial scales and in heterogeneous landscapes with wide environmental
gradients (Dray & Legendre 2008).

1.4.2

Options to measure functional diversity

Probably the most long-lived ideas to measure functional diversity in ecosystems
are based on the description of ‘functional types’. Each functional type is composed of
species that share biological characteristics (Lavorel et al. 1997). Correspondingly, they
16
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either show analogous responses to environmental influences or they have similar
effects on EP (‘functional response and effect groups’ (Lavorel & Garnier 2002)).
Species are grouped into functional types either a priori (Hooper & Vitousek 1997) or
based on ordination techniques (Duckworth, Kent & Ramsay 2000). Commonly
applied are correspondence analysis or the more advanced RLQ and fourth-corner
methods that have been developed by Dolédec et al. (1996) and Dray and Legendre
(2008), respectively (e.g. Díaz & Cabido 1997; Lienin & Kleyer 2011; Minden et al.
2012). Functional diversity is measured either as the number of functional types that
occur in an ecosystem (‘functional type richness’) or as the identity of the prominent
functional types (‘functional type composition’) (Hooper & Vitousek 1997).
Assessments of functional diversity based on functional types are well applicable in
heterogeneous landscapes and along wide environmental gradients (e.g. Kleyer 1999).
The functional type approach has, however, several shortcomings. Often a bunch
of species cannot be definitely grouped into one or another functional type so that
different functional types tend to be nested within each other (Díaz & Cabido 2001).
Moreover, there are no universal functional types, because each function or response
in focus requires to group species differently (Lavorel et al. 1997). Following from that,
functional types that indicate biotic responses often are composed of other sets of
species than those that determine biotic effects (Lavorel & Garnier 2002; Lavorel et al.
2007). In addition, the functional types approach is limited in its ability to depict biotic
response and effect in multivariate situations (when multiple environmental gradients
and multiple EP are considered) (Lavorel & Garnier 2002). Finally, grouping species
into functional types emphasizes the between-group differences but disregards withingroup differences (Petchey & Gaston 2006). Hence, measuring functional diversity
based on functional types involves a considerable loss of information.
An alternative option to measure functional diversity is to scale species-level
averages of trait attributes to the community level (Lavorel & Garnier 2002). Thereby,
functional diversity is described by community-specific attributes of individual traits.
The focus on individual traits allows to precisely unravel biotic responses to multiple
environmental factors and biotic effects on multiple EP at once (Díaz et al. 2007b;
Suding et al. 2008). Consequently, functional diversity assessments based on
continuous community level trait attributes are much more detailed and operational
than the functional types approach (Lavorel & Garnier 2002). On account of these
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issues, in this thesis functional diversity was described by community-level trait
attributes.
There are two general modes to calculate community-level trait attributes (Díaz et
al. 2007b). One emphasizes the trait attributes of dominant species and builds
community averages weighted by species abundance (‘community weighted means’:
CWM). The other mode highlights the community distribution of trait attributes in
trait space. Several metrics exist that focus on different aspects of distribution,
including richness, evenness, divergence and dispersion (Laliberte & Legendre 2010).
In this thesis these metrics were summarized under the label community distribution
metrics (CDM). Further details about theories behind CWM and CDM as well as their
significance in heterogeneous landscapes are provided in Chapters 4 and 5.

1.4.3

Assessment of EP response to community-level trait attributes

Two strategies have been developed to study how community-level trait attributes
control EP. One is to analyse individual and combined effects of environmental factors
and functional traits (CWM and CDM) on different EP in a stepwise sequence (Díaz et
al. 2007b). This is a straightforward procedure, however it does not account for the
role that functional diversity response to environmental factors might play for EP. The
second strategy integrates this aspect by simultaneously modelling functional trait
response to environmental gradients and functional trait effects on EP (Suding et al.
2008). This ‘response-effect framework’ can be used to disentangle the relevance of
direct environmental effects on EP versus the relevance of indirect, trait mediated
effects. Response-effect modelling requires additional data, hence it might be more
elaborate than the stepwise modelling of EP response.
Both strategies to assess EP response to community-level trait attributes should
be generally applicable at the landscape scale. Nevertheless, so far they have been
mainly applied in homogenous ecosystems like grasslands (de Bello et al. 2010; Lavorel
2013), whereas experiences from heterogeneous landscapes are still rare (e.g. Lavorel
et al. 2011; Paquette & Messier 2011; Conti & Díaz 2013). Moreover, agroecosystems
and cultivated land have been largely excluded from functional diversity based
assessments of EP response (Wood et al. 2015). These research gaps need to be filled
in order to evaluate in how far stepwise EP response modelling and response-effect
modelling can be utilized for EP sensitivity assessments at the landscape scale.
18
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In order to address these issues, in this thesis the suitability of both strategies for
the assessment of EP sensitivity in a heterogeneous landscape comprising natural and
cultivated land was examined (Chapter 4 and 5). The question was in how far the
additional efforts required for response-effect modelling compared to stepwise EP
response modelling are justified by information gains. In both studies functional
diversity was solely represented by plant functional traits, which is in accordance to
the majority of functional diversity research (Lavorel et al. 2013). This is founded on
the fact that plants, as primary producers, influence a wide range of EP and major
ecosystem functions, like primary productivity and decomposition (Díaz & Cabido
2001).

1.5

Thesis objective and research questions
This thesis pursued two major objectives:


(1) to explore the specific sensitivity of biodiversity and ecosystem properties in
North-East Tanzania and to draw conclusions for the vulnerability of local
ecosystem functioning and the provision of ES.



(2) to compare the applicability and informative value of land cover and
functional trait based approaches for the assessment of biodiversity and EP
sensitivity in heterogeneous landscapes.

The investigation of biodiversity and EP sensitivity in the research area was guided
by the following questions:


How sensitive are different land cover types, plant functional diversity and
ecosystem properties in the research area to changing environmental factors
and disturbances?



What does this imply for ecosystem functioning and future ecosystem services
provision in the research area?



What can be done to reduce negative effects on ES provision in the research
area?

The comparison of different approaches to study biodiversity and EP sensitivity in
heterogeneous landscapes was guided by the following questions:
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What are the advantages and disadvantages to assess ecosystem properties’
sensitivity in heterogeneous landscapes based on discrete versus continuous
measures of biodiversity?



How relevant are biotic responses to environmental gradients for the sensitivity
of EP in heterogeneous landscapes? Is crucial information lost if biotic
responses are disregarded at the landscape scale?



How can both approaches to study EP sensitivity in heterogeneous landscapes
be combined into a general protocol
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2 Research area and general study design
2.1

Criteria for the selection of the research area
The selection of a study area where the major research questions of this thesis

could be properly investigated was guided by the following criteria.
In order to facilitate an adequate representation of the target region North-East
Tanzania, the research area had to comprise characteristic ecosystems like grass-,
bush- and woodland savanna, forests and swamps (cf. Knapp 1973). Moreover,
common land use activities of the region, including farming, pasturing, logging and
charcoal production (cf. Lambin, Geist & Lepers 2003) had to be covered. The intended
comparison of different approaches for the assessment of biodiversity and EP
sensitivity in heterogeneous landscapes required to select a study area where wide
ranges of environmental conditions and disturbances entail a high diversity of
ecosystems. Finally, this research targeted areas where local economies highly depend
on ecosystem services and where at the same time environmental changes and land use
intensification are imminent.
In semi-arid regions like North-East Tanzania, the aforementioned required
conditions can be found in perennial river basins that connect relatively dry areas with
humid headwaters. Contrasting climatic conditions and differences in water and
nutrient availability facilitate a high diversity of ecosystems and land use activities in
these river basins. Land use activities in North-East Tanzania usually concentrate on
water source areas and river floodplains due to the convenient availability of water
resources and favourable soil conditions (PBWO & IUCN 2009; Notter 2010).
Accordingly, these areas are particularly concerned by the intensification and
expansion of land use activities in the region. In order to evaluate how these
developments might affect ES provision across river basins in North-East Tanzania,
data on biodiversity and EP sensitivity are needed urgently.
On account of this context, a perennial river basin in North-East Tanzania was
proposed to be suitable as study area for this research. The central Mkomazi River
Basin was selected since this area provided a reasonable compromise between feasible
size and sufficient representation of all important ecological features of the region.
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2.2 Central Mkomazi Water Basin
This research was carried out in the basin of Mkomazi River which is a major
tributary of Pangani River, the largest stream in North-East Tanzania (PBWO & IUCN
2009). Mkomazi River drains wide endorheic swamps around the Tussa and Kisima
Hills as well as the moist South Pare and West Usambara mountain ridges (Figure 3).
In order to reduce the study area to a feasible size it was limited to the central part of
the basin, which is hydrologically most relevant and 1100 km² large.

Figure 3. Location of the research area. Left: location of Pangani Basin in Tanzania. Centre:
location of Mkomazi Basin and the research area within Pangani Basin. Right: Map of the
research area with sampling sites and research stations. Elevation data: SRTM (Jarvis et al.
2008)

The central Mkomazi Water Basin is characterized by contrasting climatic
conditions and water availability. While the South Pare and Usambara Mountains
enjoy sufficient rainfall and cool climate during most times of the year, the valley is
rather dry and hot, particularly in the southern half. This area is insulated from easterly
rainfall by the Usambara Mountains (Figure 4). Base flow from the highlands feeds
Mkomazi River and connected floodplains, therefore in this riparian zone water
availability is high despite the semi-arid valley climate.
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Geological maps (GST 1965; GST 2005) and soil pit data from sampling sites
revealed that the study area features a large spectrum of soil types. Built from
Precambrian metamorphic rocks, a variety of acidic soils have developed on the
mountain blocks. These include Leptosols and Cambisols on eroding slopes as well as
deeply weathered Ferralsols and Umbrisols in more stable sites (e.g. under pristine
forest). In the valley slightly acidic to extremely alkaline soils have developed from
different sediments. On red and yellow sands Ferralsols and Acrisols are abundant; the
extensive swamps in the northern part of the study area are characterized by Vertisols
(black cotton soils); Fluvisols and Gleysols have developed on alluvial sediments; in
areas with surface limestone Calcisols predominate.

Figure 4. Maps of mean annual precipitation (left) and annual mean temperature (right) in
the research area. Both maps were based on climatic data provided by G. Mmbando & M.
Kleyer (unpubl. data)

The long environmental gradients facilitate a high diversity of ecosystems.
Remarkable evergreen cloud forests naturally cover the mountain areas. These are part
of the ‘Eastern Arc Biodiversity Hotspot’, a chain of montane evergreen forests rich in
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endemic plant and animal species that inhabit mountain ridges in Kenya and Tanzania
(Burgess et al. 2007). Along perennial streams, the evergreen forests reach into less
humid slope sections further downhill. These intermediate slopes as well as the
foothills are predominated by deciduous woodlands with Combretum, Commiphora
and Adansonia species. On the plains of the northern part of the valley relatively moist
conditions support deciduous Acacia woodlands, whereas in the south deciduous
Acacia-Commiphora bushlands are most abundant. The floodplains and swamps
along Mkomazi River are accompanied by a reservoir (Kalimawe) and two natural lakes
(Karamba and Manka) with strongly fluctuating water levels. In these wetland areas
reeds

and

grasslands

predominate;

locally

halophytic

communities

occur.

Groundwater and stream flow from Hingilili River, one of the larger streams emerging
from the South Pare Mountains, support a unique evergreen lowland forest near Gonja
town.
A lot of different land use activities are supported in central Mkomazi Water Basin.
Economically most important is farming (Notter 2010). Hotspots are located in the
cool highlands of South Pare and Usambara Mountains as well as the wetlands along
Mkomazi River in the semi-arid valley. In the mountains pristine cloud forests partly
have been transformed into irrigated terrace farms and rain-fed agroforestry systems,
denoted elsewhere as homegardens (Hemp 2006). Along perennial streams, these
farmlands (terraces) reach down to the foothills. In the floodplains and swamps along
Mkomazi River extensive irrigation schemes have been set up for rice cultivation in
paddy fields (JICA 1984). The deciduous woodlands on the mountain slopes and the
bushland savannahs in the valley are less suitable for farming due to remoteness, slope
and water scarcity. Accordingly, only scattered rain-fed farms have been established in
these areas. Another important land use activity in the study area is livestock grazing,
which concentrates on grasslands in wetland areas affected by salinization and the
extensive bush- and woodland savannas in the lowlands. Occasionally flocks of
livestock are grazing also on the foothills and slopes of South Pare and Usambara
Mountains. In the highlands however, livestock husbandry commonly is stationary. In
most parts of the study area, wood extraction for charcoal, firewood and timber
production is a crucial alternative source of income (Notter 2010; Schaafsma et al.
2012). Virtually all ecosystems with woody plants are used, forests mainly for timber
and savannas for fuelwood. In addition, traditional medicines and vegetables are
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collected from these ecosystems. Finally, Kalimawe Reservoir, Lake Karamba and Lake
Manka are regionally relevant sources of fish.
In particular logging, fuel wood extraction and forest clearance for farms have
been causing considerable land cover changes in Mkomazi Water Basin, similar to
reports from all over the Eastern Arc Mountains (Burgess et al. 2007). Furthermore,
expansion of paddy fields into reeds and grasslands as well as bushland degradation
due to overgrazing in the vicinity of settlements are ongoing land cover changes
observed during field visits.

2.3 General sampling design and GIS data processing
In order to determine the inventory of ecosystems across all environmental
gradients in the study area, satellite imagery (Google EarthTM) analysis and ground
truthing were carried out. Based on the gathered data and Knapp’s (1973) classification
of African vegetation, 30 preliminary land cover units were designated. In each of them
four to six sampling sites (total number: 150) were distributed randomly. However,
strictly random stratified sampling could not be realized, since parts of the study area
were not accessible. Regular sampling sites had dimensions of 10 x 10 m, but in linear
structures such as riparian woodlands they measured 5 x 20 m to ensure homogeneity.
Field work was undertaken between October 2011 and December 2012. Survey
dates were optimized to ensure full vegetative development of the majority of plants in
each site. Moreover temporal inaccessibility of several sampling sites during rainy
seasons had to be considered. Deciduous savanna, rain-fed farms, homegardens,
plantation forests and fallow land were mainly surveyed during the rainy seasons
(November and December, March to May); swamp areas and paddy rice fields mainly
during the short dry season (January and February); and highland forests and riparian
woodlands mainly during the long dry season (June to October). At each sampling site
topographic features, soil conditions, disturbances, vegetation structure and plant
functional traits were measured. Detailed methods of data collection and analysis
relevant for the specific research questions in Chapters 3, 4 and 5 are described in the
respective chapters. Here the focus lies on GIS analyses of remote sensing and map
data to generate some of the base data used in Chapters 3, 4 and 5.
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The following spatial data sources were used:


A digital elevation model (DEM) based on SRTM data (Shuttle Radar
Topography Mission) with a spatial resolution of 90 x 90 m and a measurement
accuracy of ± 1 m (Jarvis et al. 2008)



Topographic maps distributed by the Surveys and Mapping Division of the
Tanzanian government in Dar es Salaam at a scale of 1:50,000 (SMD 1974; SMD
1988)



Geological maps distributed by the Geological Survey Division of the Tanzanian
government in Dodoma at a scale of 1:125,000 (GST 1965; GST 2005)



A digital administrative map of ward boundaries (Notter 2010)



Satellite images derived from Google EarthTM



Digital maps of yearly net primary productivity obtained from MODIS data
(Moderate Resolution Imaging Spectroradiometer) for the years 2000 to 2010
with a resolution of about 1 km2 (NTSG & UMT 2014)

Based on these spatial data sources, maps of inclination, compound topographic
index (CTI), distance to next waterbody and population density were generated using
the Spatial Analyst toolbox in ArcGIS 10.1. The inclination map was derived directly
from the DEM. CTI, also known as topographic wetness index, was calculated at each
raster cell according to (Beven & Kirkby 1979):
𝐴𝑠
𝐶𝑇𝐼 = 𝑙𝑛 (
)
tan 𝛽
where As is the area of flow generation above each raster cell (“specific catchment
area”) and β is the slope at each raster cell (Gessler et al. 1995).
Distance to next water body was introduced as another indirect estimate of
groundwater availability. However, it was not calculated as simple geographical
distance from each raster cell to the next stream or lake, since this would have
neglected the expected differences in water availability between flat and sloping areas.
Instead, inclination was used as a factor to increase distance to next water body in
sloping areas. Additionally, it was assumed that in flat areas the relevance of one unit
change in inclination for water availability is higher than on steep slopes. To account
for this effect, inclination was logarithmized. Prior to that all raster cell values below
1.1 were set to 1.1 to avoid calculation errors for non-defined solutions (logarithm not
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defined for values < 1, cost-distance tool in Spatial Analyst does not allow values of 0).
The raster map of water bodies for the distance calculation was derived from satellite
pictures, topographic maps and a flow accumulation raster (Spatial Analyst calculation
based on the DEM).
A population density map was generated from the map of ward boundaries, ward
population data from NBS and OCGS (2013) and satellite imagery. Based on the
satellite images, polygons of populated and unpopulated areas were delineated and
each populated polygon was assigned a population number Ppoly as follows:
𝑃𝑝𝑜𝑙𝑦 =

𝑃𝑤𝑎𝑟𝑑 × 𝐴𝑝𝑜𝑙𝑦
𝐴𝑝𝑜𝑝

where Pward is the population number of each ward, Apoly the size of the polygon
and Apop the size of all populated areas in the respective ward. The population density
of each polygon was calculated as Ppoly divided by Apoly. In a next step, all populated
polygons were transformed into raster points (300 x 300 m). To all points that
emerged from an individual polygon, the population density of this polygon was
assigned. Based on the raster points, the final population density map was derived from
kernel density calculations with a search radius of 3300 m.
Apart from the generation of secondary variables, the spatial source data was used
to upscale soil features measured at plot level to the landscape scale. This was done by
the determination of linear least squares regression models. Soil-pH was predicted
from inclination and the geological units (R2 = 0.58, p-value < 0.001), electric
conductivity was predicted from soil-pH (R2 = 0.72, p-value < 0.001) and carbonate
content was predicted from soil-pH and electric conductivity (R2 = 0.77, p-value <
0.001). These data were used for the analyses covered by Chapter 3.
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Abstract
Land cover distribution in Africa has been found to be largely governed by rainfall,
however the relevance of disturbance might have been underestimated. This study
aimed to investigate this issue and to determine land cover tolerance to environmental
change in North-East Tanzania. Data on vegetation structure, abiotic factors and
disturbance were sampled in 150 survey plots in the central Mkomazi Water Basin.
Multivariate logistic regression analysis and model averaging based on information
theory were applied to determine the relevance of environmental factors for land cover
distribution and to calculate tolerance measures. Climatic factors were among the most
important determinants for the distribution of 11 out of 15 modelled land cover units.
Disturbance was of slightly higher relevance since it considerably influenced 14 land
cover units. Highly tolerant land cover units occurred in intermediate ranges of
environmental gradients; those of less tolerance were found near gradient extremes.
Evaluation of land cover vulnerability based on tolerance measures should consider
which environmental factors restrict tolerance and where optima are located along
environmental gradients. Given their low tolerance to disturbance and climate and
their limited ability to shift in space, evergreen highland forests and traditional
homegardens were most vulnerable.
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3.1

Introduction
The distribution of land cover, which describes natural and cultivated vegetation

as well as man-made features, is determined by the spatio-temporal variability of
abiotic factors, biotic interactions and human land-use (Jansen & Di Gregorio 2002;
Di Gregorio & Jansen 2005). Some of these drivers are subject to severe changes,
particularly on the African continent. For example, economic development and
population growth entail rapid land-use changes in various African regions (Lambin,
Geist & Lepers 2003). Furthermore, regional impacts of global climate change have
started to emerge during the last few decades which included rising temperatures and
higher variability in seasonal rainfall (Niang et al. 2014). Climate and land-use change
cause shifts in land cover distribution, often at the expense of ecosystem services
(Vitousek et al. 1997; Lambin, Geist & Lepers 2003) which are essential for African
livelihoods (van Jaarsveld et al. 2005). Land management aiming to halt adverse land
cover changes relies on the identification of all relevant determinants of land cover
distribution as well as information about the tolerance of land cover types to
environmental change.
Studies at continental and regional scales have consistently identified rainfall as
the most important determinant of land cover distribution in Africa (Bucini & Hanan
2007; Sankaran, Ratnam & Hanan 2008; Greve et al. 2011). At smaller scales however,
other factors, such as soil nutrient availability or disturbance, are relevant as well
(Murphy & Bowman 2012). Despite these insights, further research is required to fully
understand land cover distribution in specific African regions. Some studies focused
solely on woody plant cover (Bucini & Hanan 2007; Sankaran, Ratnam & Hanan 2008)
and it remains unclear if their results can be transferred to land cover units. Moreover,
several studies excluded cultivated land from their analyses (but see: Bucini & Hanan
2007). Therefore, substantial disturbances related to farming were not represented in
these studies (e.g. ploughing). Possibly, this led to an underestimation of the
importance of disturbance for land cover distribution. Finally, knowledge about the
potential of specific land cover types to tolerate changes in major drivers, like
decreasing rainfall for instance, is still strongly limited. We addressed these issues by
analysing responses of natural and cultivated land cover types to environmental factors
in North-East Tanzania, a region which comprises typical land cover features of semiarid, tropical Africa.
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The distribution of individual plant species along environmental gradients and
their tolerance to environmental changes can be successfully determined by
application of approaches derived from the niche concept (Hutchinson 1957). Based
on presence/absence data, species’ occurrences within a multi-dimensional space of
environmental gradients are predicted (Elith & Leathwick 2009). Moreover, these
predictions can be easily employed to calculate breadth and position of species’ niches
(Peppler-Lisbach 2008). As Broennimann et al. (2006) and Thuiller, Lavorel and
Araujo (2005) showed, these are useful measures of species' tolerance to
environmental change. Since most land cover types are characterized by one or more
dominant plant species (Di Gregorio & Jansen 2005), their distribution is bound to the
combined niches of these species. It is, however, questionable as to how far an
application of the niche concept to land cover distribution patterns is feasible. For
instance, expansion of cultivated land at the expense of natural ecosystems is
controlled by socio-economic factors, which cannot be explained by the niche concept
(Lambin, Geist & Lepers 2003). In spite of that, available statistical methods for the
analysis of species distributions are also suitable to assess the distribution of plant
communities and land cover types (Peppler-Lisbach 2003). Accordingly, we expected
that measures analogical to niche breadth and position should be useful to evaluate
land cover tolerance which we defined as follows:
(1) The volume occupied by a land cover type within the multi-dimensional
environmental predictor space (MEPS), henceforth called ‘volume of predicted
occurrence’ (VPO).
(2) The range length along a specific environmental gradient occupied by a land
cover type, henceforth called ‘range breadth’.
In this paper we applied multivariate regression analysis to determine the
importance of environmental and anthropogenic factors for the distribution of land
cover. Furthermore, we estimated VPOs and range breadths for different land cover
types and used them as measures of land cover tolerance. Finally, we assessed potential
effects of future climate and land use change on land cover.
We hypothesized that climatic factors are the major drivers of land cover
distribution in North-East Tanzania (hypothesis H1a). Furthermore, we expected that
disturbance is a crucial determinant as well since our study integrated natural and
cultivated land (H1b). Studies of species’ tolerance to environmental change have
revealed that species occurring near the extremes of environmental gradients have
32

ASSESSING LAND COVER TOLERANCE TO ENVIRONMENTAL GRADIENTS
smaller niche size than those occurring near the centroid (Thuiller, Lavorel & Araujo
2005; Broennimann et al. 2006). Accordingly, we hypothesized that land cover types
occurring under the most extreme conditions are least tolerant to environmental
change (Hypothesis H2).

3.2 Materials and Methods
3.2.1

Study area

Figure 5. Location of the study area in Tanzania. Right: Extent of the study area and locations
of field sampling sites and additional plots. Elevation data: SRTM (Jarvis et al. 2008)

Our study area was located in the central Mkomazi Water Basin, which adequately
represented the high variation in environmental conditions of North-East Tanzania. It
comprised the eastern flank of the South Pare Mountains, part of the western slope of
the West Usambara Mountains and the large valley of Mkomazi River between these
two mountain ridges (Figure 5). It has a North-South extension of 68 km (4°13’-4°50’
S), a West-East extension of 37 km (37°54’-38°15’ E) and a size of 1100 km². Features
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of climate, soils, land use as well as major land cover types of the study area have been
described in Chapter 2.2.

3.2.2

Field surveys

In order to capture the variation in environmental conditions and the distribution
of land cover types, 150 sampling plots were spread over the study area in a randomly
stratified manner. Each plot had an area of 100 m² with dimensions of 10 × 10 m or 5
× 20 m in case of linear structures, such as riparian vegetation. In each plot,
topography, disturbance, vegetation structure and dominant plant species were
recorded. Disturbance data comprised information on intensity and frequency of
logging, mowing, ploughing, fire, erosion and grazing. We estimated the yearly
percentage loss of total plot plant biomass by these disturbances. The individual losses
were summed up to yield a disturbance index. A disturbance index of value 1
represented a plant biomass removal of 100% a-1, as in fields ploughed once a year.
However, grazing could not be integrated into this index, as it was mostly nomadic and
not restricted to fenced pastures. Therefore, an additional grazing index was calculated
as the product of grazing frequency and dropping density weighted by the kind of
grazing livestock (cows: 1, donkeys: 0.8, sheep and goats: 0.2). A value of 1 indicated
one cow pat per plot at a grazing frequency of 365 d·a-1.
Furthermore, a soil pit of 1 m depth (on stony ground less) was dug in each site.
Soil samples were collected from each soil horizon to a depth of 100 cm, air dried and
sieved (2 mm). Carbonate content was determined on a seven-tier categorical scale
(mass-% Carbonate 0 to > 10) based on audio-visual soil reaction to HCl (10%) (AdHoc-AG Boden 2005). Soil pH was measured with indicator paper in soil-CaCl2
dilutions. Electric conductivity of soil-water dilutions was quantified with a WTW
TetraCon® 325 sensor.

3.2.3

Land cover classification

The classification of land cover in the study area was based on the Land Cover
Classification System (LCCS), developed by Di Gregorio and Jansen (2005). LCCS is a
hierarchical system where land cover classes are defined by different ‘classifiers’, which
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Table 1. Classifiers applied for land cover classification in central Mkomazi Water Basin and
resulting land cover units based on the Land Cover Classification System (Di Gregorio &
Jansen 2005). At first, a general land cover unit (LCU) was assigned (NV – Natural and seminatural vegetation, CT – Cultivated and managed terrestrial areas, NAV – Natural and seminatural aquatic or regularly flooded vegetation, CA – Cultivated aquatic or regularly flooded
areas). Secondly, different levels of classifiers were applied to specify final LCUs. Traits used
for classifier levels I to III depended on the general LCU
General
LCU
Level I classifiers

Level II
classifiers

Level III classifiers

Final LCU and Abbreviations

NV

Closed to open
shrubs, 1.5-3 m

evergreen

Suaeda monoica

Suaeda shrubland (Suaeda)

NV

Open shrubs, 3-5 m

deciduous

Acacia spp.

Acacia shrubland (Acacia)

NV

Closed to open
shrubs, 3-5 m

mixed

-

Mixed thicket and shrubland
(Thicket)

NV

Open trees, 3-7 m

deciduous

Commiphora spp.

Commiphora woodland (Comm)

NV

Closed to open
deciduous
shrubs 3-5 m / open
trees 7-15 m

Adansonia digitata,
Combretum spp.,
Acalypha spp.

Deciduous shrub- and woodland
on slopes** (WoSlope)

NV

Closed trees, 15-25
m

evergreen

Vepris spp.

Dry evergreen slope forest*
(ForSlope)

NV

Closed trees, >25 m

evergreen

Milicia excelsa

Evergreen lowland forest*
(ForLow)

NV

Closed trees, >25 m

evergreen

Parinari excelsa

Evergreen highland forest
(ForHigh)

NV

Closed to open
mixed
shrubs 1.5-3 m /
closed forbs 0.3-3 m

Pteridium aquilinum Mixed fallow grass- and
shrubland** (Fallow)

NAV

Closed to open
temporary
graminoids, 0.3-3m flooded

-

Temporary flooded reed and
grassland (ReedGras)

NAV

Open trees, 7-15m

Hyphaene thebaica,
Acacia seyal

Temporary flooded woodland
(WoFlood)

NAV

Closed to open trees, temporary
15-25m
flooded

-

Riparian woodland (WoRipar)

CA

Graminoids

irrigated

Rice

Paddy rice farms (FarmRice)

CT

Herbaceous and
shrubby crops

rain-fed

Maize, beans, sisal

Rain-fed farms** (FarmRain)

CT

Herbaceous and
shrubby crops

irrigated

Ginger, potatoes,
cassava, maize

Irrigated terrace farms**
(FarmTera)

CT

Tree crops

rain-fed

Bananas, cocoyam

Homegardens (FarmTree)

CT

Tree plantations

rain-fed

Eucalyptus spp.,
Acacia mearnsii

Plantation forest (ForPlant)

temporary
flooded

* Land Cover Unit not included in modelling due to limited geographical extent
** Combined Land Cover Unit
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can be applied at different levels of detail. Hence, the classification for a specific site
can be adapted to the desired resolution by addition or reduction of classifier levels.
Based on LCCS classifiers, we identified 17 land cover units (Table 1). Two of them had
negligible spatial extent in the study area and were excluded from the modelling.

3.2.4

Data preparation

Based on topographic maps from Surveys and Mapping Division Tanzania (scale
1:50,000), geological maps from Geological Survey Division Tanzania (scale
1:125,000), Google EarthTM satellite imagery and a Digital Elevation Model (DEM)
derived from Shuttle Radar Topography Mission (SRTM) data (Jarvis et al. 2008), a
GIS database was established. Records of soil conditions from the survey plots were
upscaled to maps by linear regression with DEM and geology raster data. Based on a
map of administrative borders, recent ward-specific population data (NBS & OCGS
2013) and satellite pictures to exclude unsettled areas, a population density map was
created (see Chapter 2.3). By application of the ArcGIS Cost Distance Tool to logtransformed inclination data, a map illustrating the distance to the next waterbody was
calculated. Finally, we obtained climatic data from a study by G. Mmbando & M. Kleyer
(unpubl. data).
Due to poor accessibility of steep mountain slopes and swamps, it was not possible
to consistently sample the entire environmental gradient range of the central Mkomazi
Water Basin. In order to fill gaps and to facilitate robust distribution modelling, we
introduced 83 additional plots, which were gained by stratified random selection
(Figure 5). Land cover unit, climate, topography, soil and population data for these
sites were obtained from our GIS database. Disturbance and grazing data were
generated by logspline density estimation based on the observed variation in our field
data. An overview of the data sources for model building in the field survey plots and
the additional plots is given in Table 2.

3.2.5

Fitting and validation of logistic regression models

We assessed the land cover distribution in our study area and identified major
drivers by application of Generalized Linear Models (GLM) with logit link (see Peppler-
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Table 2. Predictors for land cover modelling. Data for 150 sampling plots (a) and 83
additional plots (b) originated from: Field – Field surveys, GIS – GIS database, LS – logspline
density estimation
Environmental predictor

Abbreviation

Predictor set

Data source

Mean annual rainfall

RainAnn

Climate

GISa,b

Mean dry season rainfall (MayOctober)

Rain5_10

Climate

GISa,b

Mean wet season rainfall
(November-April)

Rain11_4

Climate

GISa,b

Annual mean temperature

TMean

Climate

GISa,b

Mean annual maximum temp.

TMax

Climate

GISa,b

Mean annual minimum temp.

TMin

Climate

GISa,b

Mean annual potential
evapotranspiration

ETpAnn

Climate

GISa,b

Mean annual net rainfall*

netRainAnn

Climate

GISa,b

Mean dry season net rainfall*

netRain5_10

Climate

GISa,b

Mean wet season net rainfall*

netRain11_4

Climate

GISa,b

Inclination

Incl

Topography

Fielda, GISb

Distance to next water source

DToWat

Topography

GISa,b

Compound topographic index

CTI

Topography

GISa,b

Soil pH

pH

Soil

Fielda, GISb

Carbonate content

Carb

Soil

Fielda, GISb

Conductivity

Cond

Soil

Fielda, GISb

Population density

PopDens

Population Density

GISa,b

Disturbance index (fire, logging,
mowing, ploughing)

Disturb

Disturbance

Fielda, LSb

Grazing index

Grazing

Disturbance

Fielda, LSb

* Net rainfall: rainfall subtracted by evapotranspiration

Lisbach (2003) for an example of GLM-based land cover distribution modelling).
Multivariate logistic regression models predicting the distribution of each land cover
unit were fitted using the R-function 'logistf' (Heinze et al. 2013). Robust candidate
models with Δ-AIC (Akaike Information Criterion) of less than 10 were averaged based
on AIC-weights as suggested by Burnham and Anderson (2002). This gave a final
model for each land cover unit. The importance of each explanatory variable in these
37

CHAPTER 3
final models was calculated as the summed AIC-weights of all candidate models which
contained the respective variable. Additionally the final model output provided
performance measures, namely AUC (Area under the ROC curve) and Cohen’s Kappa
(Cohen 1960). The discrimination between predicted presence and absence necessary
for their calculation was based on thresholds maximizing Kappa values as suggested
by Peppler-Lisbach (2008). More details concerning the model building process can
be obtained from Kattwinkel et al. (2009).
Tenfold cross-validation was carried out to validate the land cover models. We
divided our dataset into 10 subsets of identical size. Stratified random selection
ensured equal representation of all land cover units within each subset. Based on nine
subsets, we performed fitting and averaging of models and subsequently tested model
performance on the remaining 10th subset. This procedure was repeated, until each of
the 10 subsets was excluded from model building and used for model validation once.
Finally, Kappa and AUC statistics extracted from all 10 cross-validation runs were
compared to those from the original models.

3.2.6

Calculation of land cover tolerance measures

In order to limit computational effort, we restricted the calculation of volumes of
predicted occurrences (VPO) to the six most important land cover determinants. These
had been identified in the primary land cover models based on all environmental
variables listed in Table 2 (Regression Analysis 1). At first, model building and
validation were repeated for the reduced dataset (Regression Analysis 2). Furthermore,
we determined the approximate geometry of the multi-dimensional environmental
predictor space (MEPS) for our study area. This was done using the R-package
'hypervolume' (Blonder et al. 2014), which performed a multivariate kernel density
estimation of the MEPS.
In order to determine the MEPS region occupied by each individual land cover, we
extracted 126 evenly distributed sample points from all areas of the MEPS. At each
sample point the occurrence probability of each land cover unit was calculated by
applying the averaged logistic regression models gained in Regression Analysis II. To
distinguish between presence and absence we applied a Kappa-optimizing threshold.
The number of presences obtained for each land cover unit in relation to the total
number of sample points (126) represented the relative VPO of the respective land
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cover unit. We assigned low tolerance to land cover units with small VPO and high
tolerance to land cover units with large VPO. Finally, we extracted predictor-specific
range breadths for each land cover unit from the estimated VPO.

3.3 Results
Disturbance was the most important predictor group to describe land cover
distribution in the study area as Regression Analysis I revealed (Table 3). Climatic and
topographic factors were highly relevant as well. The most important single
explanatory variables in Regression Analysis I were disturbance index – which was
relevant for 11 land cover units – grazing index, wet season rainfall, mean annual
minimum temperature, distance to next water source and compound topographic
index (Table A 1). These variables were retained for Regression Analysis II to calculate
volumes of predicted occurrences (VPO) and range breadths. Results concerning
importance of land cover predictors outlined in this chapter derived from Regression
Analysis I. For Regression Analysis II this information can be found in Table A 2.
Based on their altitudinal distribution, we grouped the 15 prevalent land cover
units of the central Mkomazi Water Basin into three ecological zones: highlands (>
1200 m asl), slopes (> 600 m to 1200 m asl) and lowlands (up to 600 m asl). These
zones were characterized by strong differences in mean annual minimum temperature
and total wet-season rainfall (highlands: 11.4 °C, 689 mm; slopes: 17.2°C, 534 mm;
lowlands: 20°C, 430 mm).
The predominant land cover unit in the highlands was species-rich, indigenous
evergreen highland forest (ForHigh). However, considerable forest areas have been
transformed into homegardens (FarmTree), Eucalyptus and Acacia mearnsii
plantation forests (ForPlant) or secondary communities of grasses, Pteridium
aquilinum and shrubs (mixed fallow grass- and shrublands: Fallow).
Climate and disturbance were the most important predictor sets for land cover
distribution in the highlands (Table 3). While ForHigh and FarmTree were limited to
low disturbance and ForPlant was confined to low annual minimum temperatures,
Fallow tolerated a relatively wide range of annual minimum temperature (Figure 6,
Table A 3). Accordingly, VPO of ForHigh, FarmTree and ForPlant were small, whereas
Fallow had a relatively large VPO. According to the Kappa values, ForHigh, FarmTree
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Lowlands

Slopes

Highlands

Table 3. Importance of predictor sets (see Table 2) in averaged multivariate land cover
models. All groups with at least one predictor of relative importance >= 0.5 are marked with
x. Land cover unit abbreviations: see Table 1
Land Cover
Unit

Climate

Topography

Soil

Disturbance

Population
Density

ForPlant

x

-

-

-

-

Fallow

x

-

-

x

-

ForHigh

x

-

-

x

-

FarmTree

-

-

-

x

x

FarmTera

-

-

x

x

x

WoSlope

x

x

-

x

-

FarmRain

x

-

-

x

-

WoRipar

x

x

-

x

-

Comm

x

x

-

x

-

Thicket

x

x

-

x

-

WoFlood

x

x

-

x

-

FarmRice

-

x

-

x

-

ReedGras

-

x

-

x

-

Acacia

x

x

-

x

-

Suaeda

-

x

-

x

-

10

9

1

14

2

Sum

and ForPlant models showed good to excellent performance in Regression Analyses I
and II, even under consideration of deviations in cross-validation (Table 4). In contrast
Fallow model performance was poor, particularly in Regression Analysis II.
Mountain slopes were characterized by deciduous shrub- and woodlands
(WoSlope)

(communities

distinguished

by

Adansonia

digitata,

Sterculia

appendiculata and Combretum molle). Along streams and rivers WoSlope was
intersected by riparian woodlands (WoRipar). Depending on the availability of
irrigation water, irrigated terrace farms (FarmTera) (main crops: ginger, cassava,
maize) or rain-fed farms (FarmRain) (main crops: maize, beans, sisal) were found in
the vicinity of settlements.
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Figure 6. Importance of predictor sets (see Table 2) in averaged multivariate land cover
models. All groups with at least one predictor of relative importance >= 0.5 are marked with
x. Land cover unit abbreviations: see Table 1

Disturbance was the most relevant predictor set for these land cover units, followed by
climate and topography (Table 3). Generally, range breadths of land cover units on the
mountain slopes were moderate or large along most predictor variables (Figure 6,
Table A 3). For example, along the disturbance index optimal ranges of WoSlope and
FarmTera were moderately wide and those of WoRipar and FarmRain almost
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boundless. This explains the large VPO of FarmRain and the moderate VPO of
FarmTera and WoSlope. Conversely, the VPO of WoRipar was relatively small as it only
occurred close to water bodies. Model performance for WoRipar, WoSlope and
FarmTera was good to excellent (Table 4) and even under consideration of bias in
cross-validation satisfactorily. Nevertheless, WoSlope and FarmTera performed worse
in Regression Analysis II due to elimination of important determinants (Inclination for
WoSlope, Population Density and Carbonate Content for FarmTera, see Table A 1). The
models for FarmRain were less reliable; they showed only fair performance and high
deviation in cross-validation.

Lowlands

Slopes

Highlands

Table 4. Performance of Land cover models represented by AUC and Kappa scores. Mean
absolute differences to scores from 10-fold cross-validation are provided in brackets. Two
regression analyses were performed: analysis I based on the full predictor set and analysis II
based on a reduced predictor set. Evaluation of Kappa values according to Monserud and
Leemans (1992): < 0.05 (no agreement), 0.05 to < 0.4 (poor agreement), 0.4 to < 0.55 (fair
agreement), 0.55 to < 0.85 (good agreement), 0.85 to < 1 (excellent to perfect agreement).
Land cover unit abbreviations: see Table 1
Land Cover Unit

AUC-I

AUC-II

Kappa-I

Kappa-II

ForPlant

0.96 (0.05)

0.95 (0.07)

0.57 (0.2)

0.57 (0.27)

Fallow

0.95 (0.04)

0.9 (0.05)

0.51 (0.19)

0.36 (0.2)

ForHigh

1 (0.01)

1 (0)

0.97 (0.06)

0.97 (0.03)

FarmTree

0.99 (0.08)

0.98 (0.05)

0.86 (0.28)

0.73 (0.24)

FarmTera

0.98 (0.06)

0.97 (0.05)

0.79 (0.23)

0.64 (0.23)

WoSlope

0.99 (0.02)

0.97 (0.03)

0.84 (0.15)

0.75 (0.2)

FarmRain

0.94 (0.09)

0.94 (0.09)

0.45 (0.34)

0.45 (0.34)

WoRipar

0.99 (0.02)

0.99 (0.02)

0.86 (0.21)

0.86 (0.21)

Comm

0.98 (0.04)

0.98 (0.04)

0.76 (0.23)

0.76 (0.25)

Thicket

0.99 (0.02)

0.98 (0.03)

0.85 (0.15)

0.74 (0.2)

WoFlood

0.96 (0.07)

0.95 (0.07)

0.56 (0.23)

0.5 (0.2)

FarmRice

1 (0.01)

1 (0.02)

0.93 (0.11)

0.9 (0.11)

ReedGras

0.98 (0.04)

0.98 (0.03)

0.76 (0.24)

0.74 (0.22)

Acacia

0.97 (0.05)

0.97 (0.04)

0.73 (0.16)

0.71 (0.18)

Suaeda

0.93 (0.06)

0.92 (0.07)

0.47 (0.11)

0.43 (0.2)
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The lowlands were dominated by tree and bush savanna. Tree savanna comprised
Commiphora woodlands (Comm) and temporary flooded woodlands (WoFlood)
composed of communities with Acacia seyal on black cotton soils and Hyphaene
thebaica on saline/sodic soils. Bush savanna comprised Acacia bushlands (Acacia) as
well as mixed thicket and shrublands (Thicket) consisting of thicket-forming
succulents, evergreen coriaceous shrubs and Commiphora species. In the floodplains
of Mkomazi River major land cover units were paddy rice fields (FarmRice) and
temporary flooded reeds and grasslands (ReedGras). Dense Suaeda bushlands
(Suaeda) were observed along the edges of the floodplains and on sandy stream banks.
These land cover units were mainly determined by disturbance and topography
(Table 3). Additionally, the savanna units (Comm, WoFlood, Thicket, Acacia) strongly
depended on climatic factors. Range breadths along disturbance and grazing indices
were moderate to wide for all lowland land cover units (Figure 6, Table A 3).
Nevertheless, each of them had only a small VPO, except for the moderately large VPO
of Comm. The small VPO of Suaeda and WoFlood originated from their restriction to
short distances to next waterbody. Acacia, Thicket, ReedGras and FarmRice were
confined to low wet season rainfall and high minimum temperatures. Except for
Suaeda and WoFlood in Regression Analysis II, lowland land cover models performed
good to excellent and bias in cross-validation was at acceptable levels (Table 4).
To identify how tolerances of different land cover types were related to relevant
drivers, we plotted size and median positions of VPO along disturbance index and
annual minimum temperature gradients (Figure 7). Generally, land cover units with
low tolerance occurred near climatic extremes and minimal disturbance intensities,
while those characterized by moderate to high tolerance occurred under intermediate
climatic conditions and disturbance.

3.4 Discussion
This study successfully identified major determinants of land cover distribution in
North-East Tanzania and assessed the tolerance of land cover units to different
environmental factors. Climatic factors were highly relevant determinants of land
cover distribution in the central Mkomazi Water Basin, nevertheless they were not the
primary drivers as we had expected under hypothesis H1a. Instead, disturbance was
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Figure 7. Median positions of land cover specific relative volumes of predicted occurrence
(VPO) on the temperature and disturbance gradients, marked by black dots. The circles around
the dots indicate the size of each VPO (cf. Table A 3) which was the integral over all six
predictors used in Regression Analysis II

the most important determinant of land cover distribution (Table 1, Table A 1).
Although we hypothesized that disturbance would be of considerable relevance (H1b),
we did not expect that it would be the major predictor. Sankaran et al. (2005) revealed
a discontinuous response of woody savanna vegetation to the rainfall gradient, which
could explain why H1a and H1b were not fully supported by our results. According to
their findings, herbivory and fire replace rainfall as the major driver above a threshold
of 650 mm annual precipitation. However, a different pattern emerged from our
results. Land cover units poorly explained by climatic factors did not show bias towards
the semi-humid highlands but occurred in all parts of the study area (Table 3). This
indicates that the relevance of disturbance can be underestimated when cultivated land
is excluded from analyses. Given the fact that a considerable part of sub-Saharan Africa
is now cultivated, this should be of concern.
Disturbance and climate are subject to ongoing regional changes. The growing
population of North-East Tanzania (NBS & OCGS 2013) strongly depends on
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utilization of natural resources (Tanzania 2012). This poses a high potential for
intensification of land-use activities and related disturbances. For instance in the
South Pare Mountains combined effects of population growth and introduction of a
highly water-consumptive crop (ginger) led to increased water abstraction (Komakech
et al. 2012). During the past 50 years temperatures have risen and rainfall patterns
changed significantly in North-East Tanzania (Enfors & Gordon 2007). Regional
climate-change projections indicate a continuation of these trends, namely
temperature increases of 1.5-2.3 °C as well as rainfall decrease in dry seasons and
increase in wet seasons (Tadross & Wolski 2010).
The tolerance of land cover units occurring near the medians of the climate and
disturbance gradients was relatively high (large VPO), whereas those occurring near
the extremes were less tolerant (moderate to small VPO) (Figure 7). Only mixed fallow
grass- and shrublands did not fit well into this pattern. Despite this inconsistency, we
found adequate support for hypothesis H2. Just as species with small niche breadths,
land cover units with small VPO agglomerate near the margins of the environmental
gradients (Thuiller, Lavorel & Araujo 2005; Broennimann et al. 2006).
Only rain-fed farms and mixed fallow grass- and shrublands had relatively large
VPO (Figure 7, Table A 3). At least the case of rain-fed farms is somewhat surprising,
since it is often expected to be highly vulnerable to climate change (e.g. Mongi, Majule
& Lyimo 2010). In central Mkomazi Water Basin, however, rain-fed farms occur in all
three ecological zones (highlands, mountain slopes, lowlands). Therefore, rain-fed
agriculture featuring specific production systems might be vulnerable at the local scale
(e.g. under decreasing rainfall in the lowlands) but at the scale of the entire study area
rain-fed farms appear relatively invulnerable.
All other land cover units in the study area had only moderate to low tolerance
(Figure 7, Table A 3). At first sight this seemed to indicate that several land cover units
were threatened by the projected changes in disturbance and climate. However, it
would be misleading to judge land cover vulnerability from VPO size alone without
considering the factors that limited VPO. This is important since VPO of several land
cover units were controlled by a distinct bottleneck effect. Strong limitation by a single
predictor resulted in small VPO even if restriction by other predictors was insignificant.
For example, reeds and grasslands had a small VPO (Figure 7), although they were
significantly restricted to only one predictor (minimum temperature). Range breadths
along the other relevant predictors (CTI and grazing intensity) were moderate to wide.
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Depending on the identity of VPO-limiting factors, small VPO had to be judged
individually. In cases where VPO were mainly limited by topographic factors (e.g.
riparian woodlands and temporary flooded woodlands: Figure 6), land cover
vulnerability was supposed to be rather low, as topography is unlikely to be affected by
climate change and land use intensification. Conversely, the small VPO of relevant
forest and farming land cover units (ForHigh, ForPlant, FarmRice and FarmTree) were
mainly governed by low tolerance to variation in disturbance and annual minimum
temperature. However, levels of vulnerability to changes in disturbance and climate
were not equal among these land cover units. Broennimann et al. (2006) and Thuiller,
Lavorel and Araujo (2005) found that the vulnerability of plant species was not only
affected by niche breadths but also by the position of species optima along
environmental gradients and their proximity to barriers preventing range shifts.
Accordingly, land cover units occurring in intermediate positions along a changing
environmental gradient, could potentially relocate their spatial extent in accordance to
the changes on the gradient. For instance, plantation forests could be shifted uphill to
a location with lower temperatures (Figure 6). Vulnerability of land cover units
restricted to the extreme ends of changing environmental gradients depended on the
direction of the expected environmental change. Land cover units confined to high
temperatures, like Suaeda bushlands (Figure 6), have the potential to adapt their
extent when temperatures rise. Consequently, they were less vulnerable than land
cover units confined to extremes that are likely to be ‘cut off’ by coming changes. This
accounted for evergreen highland forests and homegardens, which were restricted to
low temperatures and minimal disturbances (Figure 6). As temperatures rise and
disturbances increase, areas with favourable conditions for both land cover units may
diminish. Evergreen highland forests are already restricted to the uppermost mountain
regions in central Mkomazi Water Basin. Upward shifts of the forests in adaption to
rising temperatures consequently will result in decreases of their spatial extent.
Likewise, homegardens can only be shifted in their extent by further decreasing the
forest area.
Our assessment showed that evergreen highland forests and homegardens were
the most vulnerable land cover units in central Mkomazi Water Basin. This confirmed
findings from other areas in North-East Tanzania (Hemp 2006; Hemp 2009). Both
land cover units play a crucial role in the provision of ecosystem services. Smallholder
farms strongly benefit from the combination of agricultural and forest products
46

ASSESSING LAND COVER TOLERANCE TO ENVIRONMENTAL GRADIENTS
provided by homegardens (Hemp 2006). Thanks to their biodiversity the forests hold
a large variety of timber products, local medicines, vegetables and fruits (Burgess et al.
2007). Furthermore, the forests are of particular importance for the water balance of
the entire basin as they replenish groundwater storages and maintain stream flow (cf.
Hemp 2009). Considerable forest loss is likely to cause adverse changes of the
hydrological regime, including reduced base flow and increased frequency and
intensity of extreme flow events (Bradshaw et al. 2007). This might affect surface
water-dependent land cover units such paddy fields, irrigated terrace farms or
seasonally flooded grasslands and woodlands.

3.5 Conclusions
In this paper we showed that land cover distribution in North-East Tanzania is
mainly governed by disturbance, whereas climatic factors are less relevant. In
accordance to these results, impacts of climate change on land cover distribution might
be less severe than those of land use change (Settele et al. 2014). Assessing land cover
vulnerability to climate and land use requires considering factors restricting land cover
distribution and the position of the predicted distribution on environmental gradients.
The majority of land cover units in central Mkomazi Water Basin did not show
considerable direct vulnerability, with the exception of evergreen highland forest and
agroforestry areas. However, serious indirect threats might occur due to potential
hydrological regime changes triggered by expected forest loss. In particular land cover
units which are bound to permanent water sources (paddy fields, temporary flooded
woodlands, riparian woodlands & reeds and grasslands) are likely to suffer from
reductions in stream flow. In other words, the high vulnerability of evergreen highland
forests raises the vulnerability of land cover units that depend on services provided by
the forests.
However, adverse land cover changes in central Mkomazi Water Basin are not
inevitable. Although not much can be done at local scale to prevent climate changes,
changes in disturbance intensity are directly controlled by land use activities. An
appropriate land use and resource management in North-East Tanzania could prevent
increasing disturbance intensities even if population growth continues.
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diversity on ecosystem properties
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Abstract
Abiotic factors, disturbance and effects of biodiversity are known to determine
ecosystem properties (EP) and the related provision of ecosystem services (ES). So far,
EP response research focused mainly on individual ecosystems like grasslands,
whereas studies in landscapes of multiple ecosystems are still rare. In this study we
assessed the effects of different explanatory factor sets on three EP in North-East
Tanzania. Relevant data were collected in 147 sampling sites covering the central
Mkomazi Water Basin, a highly diverse landscape ranging from dry savannas to
montane evergreen forests. A stepwise modelling approach was applied. Firstly,
generalized linear models were built to explain EP by either environmental factors,
community weighted mean trait values (CWM) or community trait distribution metrics
(CDM). Subsequently, it was tested if combined effects of different factor sets improved
the prediction of EP response. In each step model averaging was applied to all
candidate models with Δ-AIC ≤ 10 to gain a final model. Combined effects of abiotic
and biotic factors best explained variability in all three EP. Biotic effects were equally
represented by CWM and CDM in these models, hence our results favour neither the
mass-ratio hypothesis nor the diversity hypothesis. These results shed light on the
forces that drive EP and related ES in diverse landscapes, however they also raise new
questions. Abiotic conditions and functional diversity which both considerably
influence EP are closely linked to each other. Without further knowledge of how these
links influence EP, predictions of future EP states and availability of related ES would
not be very reliable.
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4.1

Introduction
Ecosystems are characterized by specific bio-physical properties and processes

which respond to local environmental conditions, land use and biodiversity (Hooper et
al. 2005; Díaz et al. 2006; de Bello et al. 2010). A better understanding of these
responses is crucial for the assessment of potential global change impacts on
livelihoods. This is due to the fact that ecosystem properties (EP) link to the benefits
humans gain from ecosystems, commonly referred to as ecosystem services (MEA
2005; Díaz et al. 2007a; de Groot et al. 2010). Consequently, considerable research has
already been conducted to evaluate the importance of different EP determinants (e.g.
Lavorel et al. 2011; Paquette & Messier 2011).
Despite extensive efforts to advance our understanding of EP, several challenges
remain. EP research has often been restricted to individual ecosystems, mainly
grasslands (Loreau et al. 2001; de Bello et al. 2010). Apart from that, there is a
significant lack of studies from developing countries (Seppelt et al. 2011),
notwithstanding the high relevance of healthy ecosystems for people’s livelihoods in
these regions.
One example is sub-Saharan Africa, where important economic sectors (e.g.
agriculture and tourism) as well as livelihood activities of rural communities rely on
the state of ecosystems (Scholes & Biggs 2004; Sileshi et al. 2007; Kumar & Yashiro
2014). Current regional climate change (Niang et al. 2014) and land use intensification
(Lambin, Geist & Lepers 2003; Scholes & Biggs 2004) are expected to cause ecosystem
degradation (e.g. Sileshi et al. 2007; Hemp 2009). In appreciation of these
developments, research in sub-Saharan Africa commonly emphasized abiotic and land
use effects on EP but disregarded biotic factors (e.g. Doherty et al. 2010; Swetnam et
al. 2011). Only a few studies, geographically restricted to South Africa, investigated and
emphasized the links between biodiversity and EP / ES (van Wilgen et al. 2008; Egoh
et al. 2009). However, in these studies biodiversity was solely measured in terms of
species richness, which is a relatively weak determinant of EP (Díaz & Cabido 2001;
Cadotte, Carscadden & Mirotchnick 2011).
Alternatively, biodiversity can be described as functional diversity of biotic
communities, which is a much more suitable link to EP (Díaz et al. 2006; de Bello et
al. 2010; Lavorel 2013). Functional diversity can be characterized either by abundanceweighted trait averages, which reflect functional effects of the dominant species
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(“mass-ratio hypothesis”) (Grime 1998) or by the distribution of trait attributes in a
community. This measure may indicate complementary effects of functional
dissimilarity within a community (“diversity hypothesis”) (Tilman et al. 1997).
Here, we analysed the response of annual net primary productivity (NPP), litter
thickness and erosion intensity to changes in abiotic conditions, disturbance and
functional trait composition in a diverse landscape in North-East Tanzania. NPP is one
of the most important ecosystem properties, as it is part of the global carbon cycle and
provides the resource base for herbivores and decomposers (Scurlock, Johnson &
Olson 2002). Litter thickness is a local carbon stock component which is relevant for
energy and moisture exchange between soil and atmosphere (Ogée & Brunet 2002).
Erosion intensity links to erosion control, which is an important ES in agricultural land
(Pimentel et al. 1995).
Our two major objectives were to investigate how strongly EP are influenced (1) by
abiotic versus biotic effects and (2) by community weighted mean plant functional
traits (CWM) versus community distribution metrics (CDM) (cf. Díaz et al. 2007b;
Lavorel et al. 2011; Conti & Díaz 2013).
Research in grasslands often found that plant functional diversity is more relevant
for EP than abiotic factors and disturbance (e.g. Chanteloup & Bonis 2013). However,
strong biotic signals on EP in grasslands are often favoured by a lack of variation in
abiotic factors or disturbances. Our study area however, is characterized by long
environmental gradients. Therefore, we expected prominent response of EP to both,
plant functional diversity and environmental factors (H1) (Loreau et al. 2001). In
particular we hypothesized strong effects of climate (Paquette & Messier 2011; Chollet
et al. 2014) and disturbance (Chambers et al. 2004; Klumpp & Soussana 2009) on
NPP, but also significant effects of plant traits indicative of the resource acquisitionconservation trade-off like specific leaf area (SLA) (H1a) (Klumpp & Soussana 2009;
Lienin & Kleyer 2012; Chanteloup & Bonis 2013). We expected that litter thickness
strongly depends on climate due to differences in decomposition between hot-dry and
cool-moist conditions (Chambers et al. 2004) as well as on plant height and leaf traits
(Díaz et al. 2007b; Grigulis et al. 2013) (H1b). Erosion was expected to respond
primarily to topography (Fox & Bryan 2000) and vegetation structure (Hartanto et al.
2003; Zheng 2006), indicated by variance in life and growth forms (H1c).
We hypothesized that EP respond more prominently to CWM compared to CDM
(H2). Due to the extended environmental gradients, differences between communities
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should be more important than the variance within communities (Paquette & Messier
2011; Lienin & Kleyer 2012; Grigulis et al. 2013).
Finally, we assumed that the three EP influence each other: litter thickness was
expected to increase with NPP (H3a), whereas erosion intensity should be reduced as
litter thickness increases (Pimentel et al. 1995) (H3b).

4.2 Materials and Methods
4.2.1

Study area

Figure 8. Left: Location of the study area in Tanzania. Right: Extent of the study area and
sampling site locations

This study focused on the central Mkomazi River Basin, a major tributary of
Pangani River in North-East Tanzania. The research area comprised the eastern flank
of the South Pare Mountains, part of the western slope of the West Usambara
Mountains and the wide valley of Mkomazi River between these two mountain ridges
(Figure 8). It had a North-South extension of 68 km (4°13’ S to 4°50’ S), a West-East
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extension of 37 km (37°54’ E to 38°15’ E) and a size of 1100 km². Features of climate,
soils, land use as well as major land cover types of the study area have been described
in Chapter 2.2.

4.2.2

Data sources

Data were collected at 147 plots and comprised abiotic factors, disturbance, plant
functional traits and EP. The sample locations were evenly distributed over
preliminarily defined land cover types within the study area (see Chapter 2.3). Data
were either directly measured at the plot, derived from remote sensing or calculated
from plot data (Table 5). Remote sensing data was derived from various sources (see
below) and compiled in a GIS database. Standard plot size was 10 x 10 m, however a
few plots were sized 5 x 20 m to maintain homogeneity (e.g. in riparian woodlands).
Unfortunately, our study lacked the means to conduct laboratory analyses of soil and
plant material, due to the remoteness of the field site.
Population density was calculated in ArcGIS based on an administrative map,
ward specific population data and satellite pictures to exclude unsettled areas (see
Chapter 2.3). Disturbance data was recorded in the field and included intensity and
frequency of logging, mowing, ploughing, harvesting, fire and grazing. A disturbance
index was estimated based on yearly biomass removal. Additionally, a grazing index
indicated density and frequency of grazing (see Chapter 3.2.2).
Rainfall, temperature and evapotranspiration as well as inclination, distance to
next water source and compound topographic index were partly correlated and
therefore merged into aggregated climatic and topographic factors by principal
component analysis (PCA). We applied the R function ‘pcomp’ (R Core Team 2014)
and retained the first component of each PCA for EP modelling. These first axes
accounted for 92% of total variance in climatic data and 75% of total variance in
topographic data. Since the aggregated climatic factor ranged from humid-cool
conditions at its minimum to dry-hot conditions at its maximum, it was called aridity.
The aggregated topographic factor represented the gradient between flat sites with
short distance to next water source and steep slopes.
In each of the 147 plots vascular plant species abundance was estimated as
percentage cover. Dominant species were identified as those species which collectively
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Table 5. Analysed ecosystem properties (EP) (response variables), environmental factors and
plant traits (explanatory variables) and their data sources. In addition to the listed variables
the following factors were measured but did not significantly contribute to explain EP:
electrical conductivity of soil solution, clay and sand content, water holding capacity,
abundance of growth forms* other than trees and palms, abundance of life forms* other than
phanerophyts, latex in plant organs
Data

Abbreviation

Unit

Data source

Annual net primary
productivity

NPP

kg*m-2*a-1

GIS database

Litter thickness

Litter

cm

Plot data

Erosion intensity

Erosion

-

Calculated from plot data

Aridity

-

PCA

Rainfall

-

mm

GIS database

Temperature

-

°C

GIS database

Evapotranspiration

-

mm

GIS database

Topo

-

PCA

Inclination

-

°

Plot data, GIS database

Compound topographic index

-

-

GIS database

Distance to next water source

-

-

GIS database

Soil pH

pH

-

Plot data

Bulk density

BulkD

g*cm-3

Plot data

Plant available soil water
capacity

Pore

Vol-%

Calculated from plot data

Soil hydraulic conductivity

HydCond

mm*d-1

Calculated from plot data

Human population density

PopDens

Persons*m-2 GIS database

Disturbance index (ploughing,
logging, mowing, fire)

Disturb

-

Calculated from plot data

Grazing index

Graz

-

Calculated from plot data

Ecosystem properties (EP)

Environmental factors (Environ)
1st axis of climate data PCA

1st axis of topographic data PCA

Plant functional traits (CWM and CDM)
Abundance of trees and palms*

Trees

%

Plot data

Abundance of phanerophyts*

Phanpht

%

Plot data

Plant height

PHeight

m

Plot data
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Table 5. Continued
Data

Abbreviation

Unit

Data source

Stem diameter at breast height

DBH

cm

Plot data

Abundance of succulent leaves

LSucc

%

Plot data

Abundance of hairy leaves

LHair

%

Plot data

Whole leaf area

LArea

mm2

Plot data

Specific leaf area

SLA

mm2*g-1

Plot data

Chemical defensive substances

DefChem

%

Plot data

Spinescence

Spine

-

Plot data

* Growth forms and life forms according to Cornelissen et al. (2003)

contributed to at least 80% of the vegetation cover in each sampling site. These
comprised woody as well as herbaceous plants. In each site plant functional traits were
measured from two healthy individuals of each dominant plant species. Five
individuals per site were sampled from species which were dominant in just one or two
sites. In total, we recorded traits of 237 vascular plant species. Plant height, stem
diameter at breast height (DBH), life form, growth form, leaf structure and spinescence
of each replicate were determined in situ. Leaf samples were collected to measure
whole leaf area and whole leaf dry mass. At the remote field site in North-East
Tanzania, no lab-standard oven was available to dry leaves at constant temperatures.
Therefore, prior to mass weighing all leaves were air-dried for at least 72 hours. This
period was extended as much as necessary for large and thick leaves. Data regarding
chemical defences (e.g. alkaloids) was collected from literature and web-based plant
species databases (Protabase: http://www.prota4u.info/, World Agroforestry Centre:
http://www.worldagroforestry.org/resources/databases/agroforestree, JTOR global
plants: http://plants.jstor.org/).
To represent the functional diversity of plant communities, we calculated
community weighted mean trait values (CWM) and two community distribution
metrics (CDM), namely Rao’s Quadratic Entropy (RaoQ) (Rao 1982) and Functional
Dispersion (FDis) (Laliberte & Legendre 2010). For each site RaoQ and FDis were
calculated from single traits which better link to EP than multi-trait indices (Paquette
& Messier 2011; Butterfield & Suding 2013). For calculation of CWM, RaoQ and FDis
the R-package “FD” was used (Laliberte & Legendre 2010).
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Mean annual net primary productivity (NPP) for the years 2000 to 2010 was
extracted from Moderate Resolution Imaging Spectroradiometer (MODIS) data
(NTSG & UMT 2014) for each plot. An erosion intensity index was calculated as the
product of plot area affected by erosion and a factor of erosion intensity. This was
assessed on an arbitrary ordinal scale based on signs of sheet and rill erosion (Table
6). Litter thickness was measured in the vicinity of the soil pits (see above).
Table 6. Factors of erosion intensity and criteria for their assessment
Factor Erosion
intensity

Rill erosion

Sheet erosion

Vegetation damage

0

no erosion

no rill erosion

no sheet erosion

no damage

0.2

slight

rill width < 5 cm,
width-depth
ratio > 2:1

minor signs of sediment
transport from bare soil

no damage

0.6

intermediate

rill width < 10
cm, width-depth
ratio < 2:1

topsoil partly eroded

roots of herbs partly
washed out

1

severe

rill or gully width
> 10 cm, width
depth ratio < 2:1

severe topsoil erosion
leaving behind large
pebbles and stones

uprooting of herbs,
roots of woody
plants washed out

4.2.3

Modelling EP responses

Extent and character of abiotic factors, disturbance and plant functional trait
effects on EP were evaluated with Generalized Linear Models (GLM) following Díaz et
al. (2007b). Erosion index and litter thickness data were strongly right-skewed and
zero-inflated. We added a constant to both variables, which was calculated as half of
the lowest value above zero and then applied GLM of the Gamma family (inverse link).
NPP models were built as GLM of the Gaussian family (identity link).
First, EP response to each independent factor was fitted to different univariate
response functions (linear, rational and quadratic). Selected independent variables
were transformed by square-root, log or boxcox transformation to improve model fit.
Model performance was assessed by Chi-squared (χ2) test of likelihood ratios against
null-models and internally validated by bootstrapping. Models were assumed to be
sufficiently robust if in more than 95% of all bootstrap runs (n = 500) p-values
(pnull_boot) remained below 0.1. For each independent factor the best performing
univariate model option was retained. Independent factors which did not provide any
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robust prediction were omitted from further modelling of the respective EP.
Additionally, among correlated independent factors only those with best performing
univariate models were kept (Table A 4).
Subsequently, we applied all-subsets-regression to build multivariate models for
each EP from different sets of independent factors. A maximum of four independent
variables were allowed in each multivariate model to limit computation efforts. At first,
multivariate models were fitted from all abiotic factors & disturbances, then from
CWM values and next from CDM. Finally, multivariate models were built from
combinations of these factor sets. In each model p-values were extracted for coefficient
estimates (pcoef) and χ2 - tests of likelihood ratios against null-models (pnull) and against
a model reduced by one dimension (pred). Models with any pcoef > 0.05, pnull > 0.05 and
pred > 0.1 were rejected. Univariate land cover models were rejected at this stage when
none of their coefficients complied with the pcoef limit.
To avoid the drawbacks of selecting one ‘best’ model, we applied model averaging
following Burnham and Anderson (2002). All significant multivariate and univariate
models from each factor set were ranked by AICc and models with Δ-AICc > 10 were
excluded. The remaining models were averaged based on AICc weights. Significance of
‘conditional’ and ‘full’ model-averaged coefficients was determined. While the former
were averaged only over models where the respective parameter appears, the latter
were averaged over non-occurrences as well (Barton 2015). R-squared and pseudo-Rsquared values (Nagelkerke 1991) were averaged across all candidate models weighted
by AICc weights.
Univariate and multivariate GLM were built using the glm() function in R Core
Team (2014). Model averaging was realized by application of the R-package ‘MuMIn’
(Barton 2015).

4.3 Results
4.3.1

EP response to environmental factors

Most environmental factors were significant determinants of NPP and litter
thickness, but only topography and soil hydraulic conductivity explained variation in
erosion intensity (Table 7). Averaged models revealed that multivariate combinations
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of environmental factors had the highest explanatory power for all three EP (Table 8,
Figure 9). For erosion intensity however, only topography passed the selection criteria
in multivariate modelling and the resulting model performed weakly.
Table 7. Univariate response of ecosystem properties (EP) to explanatory variables from
different factor sets. Schematic response shapes and p-values of χ2-tests in bootstrapping (see
Chapter 4.2.3). Only the most robust models are listed. For each EP - CDM relation only the
most significant is listed (either Rao`s quadratic entropy (RaoQ) or Functional Dispersion
(FDis)). Predictor abbreviations see Table 5
Predictors

Net Primary Productivity

Litter Thickness

Erosion Intensity

pnull_boot

pnull_boot

pnull_boot

Response

-

Response

Response

Environmental factors
Aridity

<0.001

<0.001

>0.1

Topo

<0.001

0.003

0.012

pH

<0.001

<0.001

>0.1

-

BulkD

<0.001

<0.001

>0.1

-

HydCond

0.072

0.004

0.05

Graz

<0.001

<0.001

>0.1

-

-

Community weighted mean traits
Trees

<0.001

<0.001

>0.1

Phanpht

0.012

0.002

0.083

PHeight

<0.001

<0.001

>0.1

-

LSucc

<0.001

>0.1

>0.1

-

LArea

<0.001

0.031

>0.1

-

Spine

<0.001

<0.001

>0.1

-

-

Community distribution metrics
PHeight

<0.001

DBH

<0.001

LSucc

<0.001

RaoQ
RaoQ
RaoQ

<0.001

FDis

0.071
>0.1
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-
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Table 7. Continued
Predictors

Net Primary Productivity

Litter Thickness

Erosion Intensity

pnull_boot

pnull_boot

pnull_boot

Response

Response

Response

Community distribution metrics
LArea

<0.001

Spine

<0.001

FDis
RaoQ

0.025

RaoQ

<0.001

RaoQ

0.001

RaoQ

>0.1

-

>0.1

-

>0.1

-

Ecosystem properties
NPP

-

-

<0.001

Litter

-

-

-

4.3.2

-

EP response to biotic effects

NPP and litter thickness significantly responded to several plant functional traits,
comprising both, community weighted means (CWM) and community distribution
metrics (CDM) (Table 7). Erosion intensity was explained by CDM of several traits, but
did not significantly respond to most CWM values. Multivariate combinations of CWM
and CDM, respectively, gave contrasting results for the different EP (Table 8, Figure
9). A considerable share of variation in NPP was explained by multiple functional
traits, with a slightly better performance of CDM compared to CWM. Litter thickness
response to CWM was moderately strong but explanatory power of CDM was relatively
weak. Multivariate models of erosion intensity built from CWM values included only
abundance of phanerophyts and this model was of poor performance. None of the
erosion models built exclusively from CDM passed the multivariate modelling criteria
(coefficient estimates were insignificant (pcoef > 0.05)).

4.3.3

Relationships between EP

Litter thickness showed significant positive univariate response to NPP (Table 7).
Nevertheless, in comparison to environmental factors and biotic effects, NPP had
rather poor explanatory power for litter thickness (Table 8, Figure 9). Neither NPP nor
litter thickness had significant effects on erosion intensity.
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Table 8. Averaged multivariate models of ecosystem properties (EP) response to
environmental factors, CWM and CDM. In the litter thickness and erosion intensity models,
additionally the integration of other EP was tested. Multivariate models were built from each
factor set as well as their combination (‘All’), averaging was based on AICc weights (Burnham
& Anderson 2002). Explanatory variables (EV) with importance < 5 are not listed. Cells were
left empty where no satisfactory model was found. For all listed EV p-values of ‘conditional’
model-averaged coefficients remained below 0.05. Only underlined EV had significant (pvalue < 0.05) ‘full’ model-averaged coefficients. Further EV labels: superscript numbers model averaged relative variable importance (0-100); (+)/(-) - EV has positive/negative effect
on EP. Abbreviations of EP, factor sets and EV see Table 5

Erosion intensity

Litter Thickness

NPP

EP

Factor Set

R²

Explanatory variables

Environ

0.74

Aridity100 (-), PopDens100 (+), Graz97 (-), BulkD93 (-), HydCond6 (+)

CWM

0.6

Spine100 (-), PHeight100 (+), LArea100 (+), LHair98 (+)

CDM

0.62

PHeightRaoQ100 (+), SpineRaoQ100 (-), LAreaFDis100 (+), LSuccRaoQ82 (+)

All

0.78

Aridity100 (-), PopDens100 (+), PHeightRaoQ100 (+), SpineRaoQ66 (-),
LSucc20 (-), BulkD13 (-)

Environ

0.54* Disturb100 (-), Graz89 (-), BulkD84 (-), Aridity24 (-), Pore14 (+)

CWM

0.42* Spine100 (-), PHeight99 (+), DefChem98 (+)

CDM

0.31* SpineRaoQ100 (-), PHeightFdis99 (+)

EP

0.22* NPP100 (+)

All

0.58* Disturb100 (-), SpineRaoQ100 (-), BulkD91 (-), Graz91 (-), Aridity6 (-)

Environ

0.1*

CWM

0.06* Phanpht100 (-)

CDM

-

-

EP

-

-

All

0.29* Topo100 (+), Phanpht100 (-), DBHFDis100 (+)

Topo100 (+)

* Pseudo-R² values (Nagelkerke 1991). Note that they are not directly comparable to the
standard R² values

4.3.4

Joint effects of environmental factors and functional traits

For all three EP best modelling results were achieved by multivariate combinations
of environmental factors and functional traits (CWM and CDM) (Table 8, Figure 9).
NPP was best explained by negative effects of aridity, variation in spinescence (RaoQ),
leaf succulence and bulk density as well as by positive effects of population density and
variation in plant height (RaoQ). Litter thickness was characterized by negative effects
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of disturbance, grazing, bulk density and variation in spinescence (RaoQ). Only one
multivariate model with Δ-AICc ≤ 10 was found to explain erosion intensity. It
comprised positive effects of topography and variation in stem diameter at breast
height (FDis) as well as a negative effect of phanerophyt abundance.

Figure 9. AICc improvement in ecosystem properties (EP) response models for different sets
of explanatory variables (environmental factors, CWM, CDM, EP and all factors combined).
Improvements were calculated as the absolute difference between the AICc of each EP’s Nullmodel and the AICc of the model with the lowest AICc (=baseline for model averaging) from
each factor set. EP abbreviations see Table 5

4.4 Discussion
In this study we identified determinants of NPP, litter thickness and erosion
intensity across a wide range of cultivated and natural ecosystems in North-East
Tanzania. To the best of our knowledge, it is the first attempt to identify relevant
drivers of NPP, litter thickness or erosion intensity on the African continent by using
both environmental and plant trait data.

4.4.1

Differences in EP model performance

While the response models of NPP performed very well and those of litter
thickness were on a moderate level, erosion intensity model performance was rather
poor (Table 8, Figure 9). We assume that these differences can be attributed to
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statistical features of litter thickness and erosion intensity, as well as to missing
explanatory variables. Litter thickness is a function of leaf turnover and litter
decomposition (Díaz et al. 2007b). Our analysis did not disentangle these two
processes since neither was directly measured. Soil erosion is driven by stochastic
heavy rainfall events which vary in space and time (Edwards & Owens 1991). Our
assessment was based on visual proof of past events, such as the presence of rills or
gullies (see Table 6). However, these erosion marks could have been cleared by farmers
or covered by ground vegetation, which might have resulted in false absences in the
data set. Moreover, alternative factors determining erosion intensity, like soil
erodibility (Laflen et al. 1991), were not integrated into our models.

4.4.2

Relevance of abiotic versus biotic effects

In spite of differences in model performance, all three EPs were best explained by
the combined effects of environmental factors and plant functional traits (Table 8).
These results were well in line with hypothesis H1 (‘EP respond to environmental
factors and traits’). Similar outcomes had been found in grasslands (Díaz et al. 2007b;
Lavorel et al. 2011) and rangelands with scattered shrubs (Chollet et al. 2014).
However, environmental factors were the most relevant single factor set for all three
EP and therefore of greater weight than biotic predictors (Loreau et al. 2001; Paquette
& Messier 2011).
Hypothesis H1a was supported by negative effects of aridity and grazing on NPP,
(cf. Oesterheld et al. 1999; Peñuelas et al. 2007). However, the influence of traits
indicating resource use, such as the observed negative effects of succulence and
variation in spinescence (Vendramini et al. 2002; Fine et al. 2006), were less
significant than expected. Moreover, specific leaf area was insignificant and therefore
not selected as predictor variable.

Commonly traits representing resource use

(‘leaf/plant economics spectrum’) have been recognized as relevant biotic
determinants of ecosystem functioning across different ecosystems (Reich 2014).
Instead, in our study NPP was strongly affected by variation in plant height. The
relevance of the plant size axis has been acknowledged before (cf. Chapin 2003; Díaz
et al. 2004).
The expected effects of aridity, plant height and leaf traits on litter thickness were
insignificant, hence our results did not support hypothesis H1b. Instead disturbance,
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grazing and spinescence negatively affected litter thickness. Disturbances either
directly reduce the amount of accumulated litter (e.g. fire, farming) (Wardle et al.
2003; Snyman 2005) or indirectly reduce litter accumulation by the removal of living
biomass (e.g. herbivory) (Facelli & Pickett 1991). The importance of spinescence for
litter thickness could be explained by the negative effect of investment in structural
defences on leaf production, which results in reduced litter accumulation (Coley 1988;
Facelli & Pickett 1991).
As we had hypothesized, erosion intensity increased with topography but
decreased as phanerophyt abundance increased (Hypothesis H1c). However, this
finding was opposed by the positive response of erosion intensity to variation in DBH.
We assume that this inconsistency was caused by the problematic statistical properties
of erosion intensity discussed before.

4.4.3

Relevance of CWM versus CDM

We compared community weighted mean traits (CWM) with two community trait
distribution metrics (CDM). In contradiction to what we had expected (H2: ‘CWM are
better determinants of EP than CDM’), CWM and CDM were of equal relevance. As
single factor sets CWMs were more important than CDM in litter thickness and erosion
intensity models but CDM performed better in NPP models (Figure 9). Furthermore,
the NPP and erosion intensity response models with combined effects comprised CWM
and CDM factors (Table 8). Consequently, based on our findings, neither Grime’s
(1998) mass-ratio hypothesis nor Tilman’s et al. (1997) diversity hypothesis could be
rejected. This conclusion was supported by evidence provided in studies where CWM
and CDM were found to be similarly relevant for biomass production (Chanteloup &
Bonis 2013) or carbon storage (Conti & Díaz 2013). However, the equal importance of
CWM and CDM in our models most likely accounted to strong positive correlations
between both measures for most traits (Table A 4). While in grasslands similar effects
were found only for a minority of traits (Chanteloup & Bonis 2013), strong relations
between dominant trait values and trait variation are probably common across
multiple contrasting ecosystems.
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4.4.4

Relationships between EP

The expected positive response of litter thickness to NPP (H3a) was confirmed by
our results (Table 7). Nevertheless, the influence of NPP on litter thickness was
negligible in comparison to other effects (Figure 9). The response of erosion intensity
to litter thickness was not significant, hence H3b was rejected. Based on these findings,
we assume that relationships between NPP, litter thickness and erosion intensity are
less relevant than their responses to environmental factors and biotic effects.

4.4.5

EP relationships with ES

Each of the three EP in the focus of this study is related to different ES. NPP
connects to three provisioning ES; namely fodder, fibre and primary production (de
Bello et al. 2010). Litter thickness is linked to water regulation through reduced soil
water evaporation and maintenance of soil humidity (Facelli & Pickett 1991). Finally,
erosion intensity is negatively related to the regulating ES erosion control. Aridity and
disturbances in North-East Tanzania are expected to increase due to projected regional
climate change (Tadross & Wolski 2010), economic development and population
growth (NBS & OCGS 2013). These changes will have impacts on EP and related ES in
the region. In accordance to our findings, increasing disturbance could reduce fibre
and fodder production and negatively affect the maintenance of soil humidity.
Increasing aridity could additionally impair crop production. Fodder and primary
production provide the basis for agriculture, on which about 70% of the people in the
region depend (Tanzania 2012; NBS & OCGS 2013). Farming yields are directly
controlled by soil stability and water regulation. Finally, livelihoods in the region are
additionally supported by fibre products (timber and fuel wood) (Enfors & Gordon
2008; Notter 2010; Schaafsma et al. 2012).

4.5 Conclusions
Three major conclusions concerning the determination of EP in diverse landscapes
could be drawn from our study. First, different EP across multiple ecosystems are
determined by mixed effects of abiotic and biotic factors with slightly higher
importance of the former. Second, among biotic effects dominant functions and
65

CHAPTER 4
functional variation are equally important for EP. However, this was largely attributed
to strong correlations between both measures. Hence our results favour neither the
mass-ratio hypothesis (Grime 1998) nor the diversity hypothesis (Tilman et al. 1997).
Third, the biotic effects on EP largely represent the leaf economics spectrum as well as
the plant size axis. Although similar findings have been reported from studies of
individual ecosystems, they had not yet been confirmed before in patterned landscapes
with multiple ecosystems.
In a world of changing climate and intensification of land use it becomes more and
more important to understand how EP and related ES provision respond to changes.
Knowledge of the major EP determinants is a first requirement. However, the finding
that abiotic and biotic factors influence EP likewise raises new questions. On the one
hand climate change and land use intensification act directly on EP as alterations of
abiotic conditions and disturbance regimes. On the other hand however, they lead to
shifts in the functional composition of biotic communities, which in turn affect EP
(Garnier et al. 2007; Laliberté & Tylianakis 2011; Hooper et al. 2012). To understand
these indirect impacts, the focus has to be set on the relation between functions
responding to environmental changes and those affecting EP.
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Abstract
According to response-effect theory, functional traits mediate the impacts of
environmental conditions on ecosystem properties (EP). However, the consistency of
specific environment - trait - EP relations across different ecosystems has rarely been
tested and the relative importance of direct environmental effects on EP versus traitmediated effects is hardly known. Plant functional trait responses to environmental
variables and effects on net primary productivity (NPP) were hypothesized for a diverse
landscape in North-East Tanzania. Path analysis with directional separations tests was
applied to verify this initial model on three data sets: ‘Basin’ (entire study area),
‘Lowlands’ and ‘Highlands’. In the Basin and Lowlands models the majority of
expected paths were confirmed; in both models direct effects of climatic factors
dominated NPP response. A lot of the hypothesized paths in the Highlands model were
insignificant; in this model NPP response was mainly controlled by effects of
disturbance mediated by plant height. Two major conclusions were drawn from these
results. First, the relevance of direct versus trait-mediated effects on EP was strongly
controlled by the degree of resource limitation represented by environmental gradients
and much less by their length. Second, environment - trait - EP relations were not
consistently significant across different ecological zones. This implied that responseeffect assessments in complex landscapes have to focus on individual ecosystems.
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5.1

Introduction
The properties and prevailing processes of ecosystems are governed by their

abiotic environment, natural and anthropogenic disturbances as well as by the
established biotic communities (Chapin 2003; Hooper et al. 2005). Current climate
change, land use intensification and biodiversity loss consequently lead to alterations
of ecosystem properties (EP). This is of great concern since EP are coupled with
ecosystem services (ES), which are of substantial importance for human societies
(MEA 2005; Díaz et al. 2006; Díaz et al. 2007b). Accurate predictions of EP responses
to global change and impacts on related ES remain challenging tasks, however.
Uncertainties in the projection of plant and animal community behaviour following
environmental change hamper the estimation of future biotic effects on EP (Díaz et al.
2006; Lavorel et al. 2007).
Direction, timing and range of biota’s responses to the environment and their
effects on EP are controlled by functional traits (Díaz & Cabido 2001; Díaz et al. 2007b;
Garnier et al. 2007). This context was described by Lavorel and Garnier (2002) in a
conceptual framework which suggests that EP responses to abiotic factors are
mediated by functional response and effect traits (‘response-effect framework’). Even
though the response-effect framework applies to all trophic levels and accordingly has
been adjusted for multi-trophic analyses recently (Lavorel et al. 2013), our study was
restricted to plants. Applications and advancements of the response-effect framework
ascertained that the links between response and effect traits take a pivotal role in
determining how environmental change translates into changes in EP (Suding et al.
2008; Pakeman 2011; Díaz et al. 2013). Strong positive or negative relations between
plants’ response and effects tend to amplify or reverse impacts on EP, respectively,
whereas weak links attenuate EP response (Lavorel & Garnier 2002; Suding et al.
2008; Laliberté & Tylianakis 2011). Unfortunately, the determination of responseeffect relations is complicated. Even though some general trait-trait links have been
revealed – mostly corresponding to trade-offs in resource acquisition (Díaz et al. 2004;
Wright et al. 2004; Reich 2014) – several links are inconsistent across species and
communities (Reich, Walters & Ellsworth 1997; Lienin & Kleyer 2012). Furthermore,
significance and direction of trait responses and effects are probably not uniform
across different scales (Lavorel & Garnier 2002; Klumpp & Soussana 2009; Laliberté
& Tylianakis 2011). Consequently, response-effect relations might become unstable in
69

CHAPTER 5
the event of environmental change. These uncertainties hinder accurate prediction of
biotic response to environmental change and its impacts on EP.
Inconsistency in response-effect relations across different environmental regimes
has not yet been extensively investigated (but see Lienin & Kleyer 2012). So far most
applications of the response-effect framework focused on grasslands, where variation
along environmental gradients was rather limited (e.g. Laliberté & Tylianakis 2011;
Minden & Kleyer 2011; Chollet et al. 2014). Moreover, functional response-effect
research has been conducted mainly in temperate and Mediterranean regions,
examples from the tropics are rare. Particularly in sub-Saharan Africa, assessments of
EP and related ES through functional ecology approaches are lacking, as outlined in
Chapter 4.
As a contribution to fill these gaps we investigated environment - plant functional
trait - EP relationships across contrasting savanna and forest ecosystems in North-East
Tanzania. At first we devised an a priori model for our study area (see Chapter 5.2.8)
to describe expected trait response to climate, soil and disturbance simultaneously
with trait effects on annual net primary productivity (NPP). We selected NPP for this
study since it is a major indicator of ecosystem functioning (Scurlock, Johnson & Olson
2002) and had been integrated in most applications of the response-effect framework.
In addition, among the three EP assessed in Chapter 4, NPP showed the most robust
response. To test our hypothesized models on field data, we applied path analysis as
described in Shipley (2002) and Shipley (2009). Particularly, we were interested in:
(1) the relevance of direct environmental effects on NPP versus plant functional
trait-mediated effects and
(2) how functional response-effect relations and trait-trait linkages vary between
different ecological zones within the study area.
In their meta-analysis Hooper et al. (2012) showed that biodiversity effects on EP
were larger at local scales than at global scales. Accordingly, we hypothesized that in
areas with longer environmental gradients the strength of direct environmental effects
on NPP is enhanced, whereas in areas with shorter environmental gradients the
strength of trait-mediated effects is enhanced (H1). Lienin and Kleyer (2012) applied
the response-effect framework to different grassland ecosystems and management
regimes. According to the results of their study, we expected to detect ecological zone
specific environment-trait and trait-EP relationships but rather general trait-trait
linkages (H2).
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5.2 Materials and Methods
5.2.1

Study area

This research focused on the central Mkomazi Water Basin in North-East Tanzania
(1100 km², 4°13’ to 4°50’ S, 37°54’ to 38°15’ E) (Figure 3, Figure 8). The study area
covered a large altitudinal gradient ranging from the valley of Mkomazi River (430 m
a.s.l.) to the summits of West Usambara and South Pare Mountains (2450 m a.s.l.).
Accordingly, climate and soil conditions showed considerable variation (Table 9).
These features facilitated diverse land cover comprising evergreen forests, deciduous
woodlands and bushlands, seasonally flooded grasslands and woodlands as well as
Homegardens, rain-fed farms and paddy fields (see Chapter 3). About 130,000 people
inhabit the central Mkomazi Water Basin (NBS & OCGS 2013), their livelihoods are
mainly based on subsistence farming and livestock keeping.

5.2.2

Field surveys and GIS data

The data used in this study derived from two sources: field measurements in 147
sample plots and a GIS database (Table 9). Sample plots were distributed equally over
preliminarily defined land cover classes in the entire study area (Figure 8). Each plot
had a size of 10 x 10 m or exceptionally 5 x 20 m in places where linear structures like
riparian woodlands were sampled. We conducted field work from October 2011 to
January 2013, surveying plots with deciduous vegetation during the rainy seasons
(Nov-Dec, Mar-May) and those with evergreen vegetation during the dry seasons (JanFeb, Jun-Oct). GIS data were processed in ArcGIS 10 and extracted at each sample plot
location.

5.2.3

Environmental factors

At each plot location a soil pit of 1 m depth (on stony ground < 1 m) was dug. In
each soil horizon we determined physical soil features according to Ad-Hoc-AG Boden
(2005) and collected soil samples. Air-dried samples were sieved (2 mm) and diluted
in 1 mol CaCl2-solution for pH measurement with indicator paper. Electric conductivity
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Table 9. Recorded variables, abbreviations and data ranges. Data derived either from field
surveys (a) or the GIS database (b). Furthermore, related variables were aggregated by
principal component analyses (PCA) (c)

Variable

Abbreviation

Unit

Aridity

-

Rainfall (b)

-

Temperature (b)
Evapotranspiration (b)

Data Range
Lowlands
Highlands
Min Max Min Max

Environmental factors
1st axis of climate data PCA (c)

-0.36

3.62

-5.23 -0.55

mm·a-1

410

757

642

957

-

°C

23.2

26

16.7

23.3

-

mm·a-1

1574

1727

1052

1557

SoilChem

-

-4.37

1.38

-1.09

1.73

Soil pH (a)

-

-

4

9

3.6

6.7

Electrical conductivity (a)

-

µS·cm-1

197

6887

153

458

Disturbance index (ploughing,
logging, mowing, fire, erosion) (a)

Disturb

-

0

3.96

0

3.23

Grazing index (a)

Graz

-

0

10.3

0

2.4

Plant height (a)

PHeight

M

0.1

28.9

0.7

20.7

Leaf size (a)

LSize

mm2

12

36631

116

52386

Abundance of woody plants (a)

Woody

%

0

100

0

100

Spinescence (a)

Spine

-

0

42.4

0

24.5

1st axis of leaf trait data PCA (c)

LeafInv

-

-4.4

3.31

-1.23

2.05

Abundance of succulent leaves (a) -

%

0

100

0

22

Abundance of hairy leaves (a)

-

%

0

96

0

100

Specific leaf area (a)

SLA

mm2·g-1

3

28

5.2

21.8

0.28

1.33

0.81

1.7

1st axis of soil data PCA (c)

Plant functional traits

Ecosystem properties (EP)
Annual net primary productivity (b) NPP

kg·m-2·a-1

of soil-water dilutions was quantified with a WTW TetraCon® 325 sensor. The mean
of both soil variables weighted by horizon thickness was used as plot mean. Data on
frequency and intensity of fires, logging, mowing, ploughing and grazing were collected
at each plot. Based on estimates of biomass removal caused by all recorded
disturbances except for grazing, a disturbance index was calculated (see Chapter 3.2.2).
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Furthermore, an independent grazing index was built based on grazing frequency and
herbivore abundance. Finally, we obtained climatic data from GIS maps provided by
G. Mmbando & M. Kleyer (unpublished data).

5.2.4

Plant functional traits

Functional traits of the most abundant vascular plant species which collectively
contributed to at least 80% of total vegetation cover at each plot location were
measured. Two healthy individuals of frequently dominant species (highly abundant
in three or more plots) and five individuals of rarely dominant species were sampled
per site. In total, we recorded traits of 237 vascular plant species. In Chapter 4 plant
height, leaf pubescence, leaf succulence, leaf size and spinescence were found to be
relevant determinants of NPP. We selected these traits for our analysis and added
specific leaf area (SLA) and woodiness which we expected to be important in the
response-effect context (cf. Pakeman 2011). All traits were measured in situ, except for
leaf size and SLA. To determine these, we collected leaf samples which were measured
(height, width and area), air-dried for at least 72 hours (this period was extended as
necessary) and finally weighed.
Two general measures exist to explain the functional diversity of biotic
communities: the ‘community weighted mean’ (CWM) and indices of community
variation in functional traits, hereafter ‘community distribution metrics’ (CDM) (Díaz
et al. 2007b). These measures accord to competing views on how biodiversity affects
ecosystem functioning, namely the mass-ratio (Grime 1998) and the diversity
hypotheses (Tilman et al. 1997). Both, CWM and CDM values satisfactorily explained
EP in North-East Tanzania but the high performance of CDM might be attributed to
significant correlations between both trait measures (Chapter 4). In order to avoid
these correlation effects, we calculated CWM for single traits and determined trait
variation from multiple traits. As CDM measure we used ‘Functional Dispersion’ as
proposed by Laliberte and Legendre (2010). CWM and functional dispersion were
calculated from plant species abundance and species-trait data with the R-package ‘FD’
(Laliberte & Legendre 2010).
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5.2.5

Net primary productivity

Data on annual net primary productivity (NPP) originated from Moderate
Resolution Imaging Spectroradiometer (MODIS) resources (NTSG & UMT 2014).
Values for the years 2000 to 2010 were extracted at each plot location with ArcGIS; for
modelling we used the mean over all sampled years.

5.2.6

Factor aggregation by principal component analysis

Climatic data (temperature, rainfall and evapotranspiration), soil data (pH and
electric conductivity) and leaf traits (SLA, succulence and pubescence) were merged
into aggregated variables by principal component analysis (PCA). For that purpose we
used the R function ‘pcomp’ (R Core Team 2014). 92% of total variance in climatic data
was explained by the first PCA axis, hereafter called ‘Aridity’ since it ranged from
humid-cool to arid-hot conditions. For soil data the first PCA axis (‘SoilChem’)
accounted for 92% of total variance, it ranged from low to high pH and electric
conductivity. The first PCA axis of leaf traits explained 58% of total variance and ranged
from high to low SLA and leaf pubescence as well as low to high abundance of succulent
leaves. It therefore represented the trade-off between low and high investment in leaf
structure (Wright et al. 2004), with pubescence being part of a low investment strategy
to cope with hot-dry conditions (Ehleringer & Mooney 1978). Accordingly, we called
this axis ‘Leaf Structure Investment’ (LeafInv).

5.2.7

Model building

We applied path analysis as described by Shipley (2002) and Shipley (2009) to
simultaneously analyse plant functional trait response and effect. Based on graph
theory this approach evaluates the significance of a ‘multivariate causal hypothesis’
that is formulated in a path model. Probabilities of ‘independence claims’ made for all
pairs of variables which are not directly connected by hypothesized paths are assessed
in a directional separation (d-sep) test. Fisher’s C is calculated over all determined
probabilities and compared to a Chi-squared distribution. The resulting p-value
(hereafter ‘pmodel’) indicates strong support of non-hypothesized paths if it falls below
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the chosen significance level (here 0.05). In that case the hypothesized model has to be
rejected.
Our a priori theoretical model is outlined in the next section. All data were
standardized prior to modelling to gain standardized path coefficients. Hypothesized
paths were tested for significance represented by coefficients’ p-values (hereafter
‘pcoef’) obtained from general linear models. Insignificant paths were removed (p coef >
0.05). D-sep tests were applied to identify relevant non-hypothesized links between
variables. As far as they were justified by ecological reasoning, these links were added
to the models aiming to achieve sufficient model significance (pmodel > 0.05). Path
coefficients of the final models were used to calculate direct, indirect and total effects
on plant functional traits and NPP. We applied the R-package ‘ggm’ (Marchetti, Drton
& Sadeghi 2014) to build directed acyclic graphs and to identify the basis set of
independent claims (Shipley 2009). General linear models were fitted with the Rfunction ‘lm()’ (R Core Team 2014).
In order to investigate the consistency of response-effect relations across different
ecological zones, we tested the hypothesized model not only on the entire dataset
(‘Basin’: n=147) but also on two subsets (‘Highlands’: n=63, ‘Lowlands’: n=84). These
were gained from k-means clustering based on Aridity using the R-function ‘kmeans()’
(R Core Team 2014).

5.2.8

A priori model

This paragraph briefly explains the initial hypothetical path model which was built
according to response-effect theory and evidence from published research. Detailed
characteristics of all hypothesized paths are listed in Table 10 alongside with relevant
scientific references. Additionally, Figure A 1 gives a schematic overview of the
hypothesized model.
Vulnerability to soil salinity and corresponding alkalic conditions increases with
decreasing precipitation (Jordán et al. 2004), whereas soil pH is low under high
rainfall regimes (Mizota, Kawasaki & Wakatsuki 1988). We therefore expected a
positive effect of Aridity on SoilChem. Aridity and soil salinity limit plant metabolism,
force plant economics into conservative allocation strategies (Minden & Kleyer 2011;
Reich 2014) and restrict the diversity of physiological parameters (Currie et al. 2004).
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o

H
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(Milton 1991)
(Currie et al. 2004)
(Hoffmann, Schroeder & Jackson
2002; Lienin & Kleyer 2012)
(Garnier et al. 2007; Lienin &
Kleyer 2012)
(Garnier et al. 2007)
(Díaz et al. 2007c)

Spinescence increases with aridity

Increasing aridity supports less functional trait variance

Logging, ploughing and fire strongly select against woody plants

Plant height is reduced in high disturbance regimes

Not hypothesized

Rapid regrowth as response to disturbance reduces carbon allocation to
leaves

Herbivory avoidance by reduced plant height

Aridity → Spines (+)

Aridity → FunDis (-)

Disturb → Woody (-)

Disturb → PHeight (-)

Disturb → LeafSize (+)

Disturb → LeafInv (-)

Graz → PHeight (-)



o

o





o



o

(Chapin 2003)

Carbon allocation to leaves is enhanced in dry environments

Aridity → LeafInv (+)



o

o





o

o

o

() o

Leaf size is minimized in dry environments to optimize convective heat loss (Lavorel et al. 2007)

Aridity → LeafSize (-)

o

o

Plant growth is limited in dry environments

o



() o



B

Aridity → PHeight (-)

(Moles et al. 2009)

-

Not hypothesized

SoilChem → Graz (+)

Trait response to environmental factors

-

Grazing is excluded from sites with highest disturbance (= farms)

(Mizota, Kawasaki & Wakatsuki
1988; Jordán et al. 2004)

Literature

Disturb → Graz (-)

Aridity → SoilChem (+) Salinization and pH increase as response to aridity

Interrelations among environmental factors

Linkage



o







o



o



()



()



L

Table 10. Hypothesized relations between environmental variables, plant functional traits and net primary productivity (NPP), relevant
references and evaluated significance based on three datasets: Basin (entire study area) - B; Highlands - H; Lowlands - L. Label legend:  significant link; () - link significant but effect size < 0.3; o - insignificant link; ! - link significant but opposite to expected direction.
Abbreviations of variables see Table 9
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Hypotheses

(Skarpe & Hester 2008)
-

Investment in structural defence as response to grazing

Not hypothesized

Graz → Spines (+)

Graz → FunDis (+)
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(Milton 1991)
(Cingolani, Posse & Collantes
2005)
(Lienin & Kleyer 2012)
-

Spines are mainly associated with woody plants

Not hypothesized

Greater plant height requires higher carbon allocation to leaves

Higher investment in leaf structures supports less trait diversity

Not hypothesized

Woody → Spines (+)

Woody → FunDis (+)

LeafInv → PHeight (+)

LeafInv → FunDis (-)

Spine → PHeight (-)

Aridity → NPP (-)

(Zhao & Running 2010)

(Reich 2014)

Positive scaling between investment in different plant organs

Woody → LeafInv (+)

In dry environments productivity is reduced

-

Not hypothesized

Woody → LeafSize (-)

Effects on NPP

(Niklas 1993)

(Currie et al. 2004)

Increased stability of woody plants facilitates larger height

High salinity and pH limits diversity of physiological features

Woody → PHeight (+)

Trait-trait linkages

SoilChem → FunDis (-)

(Minden & Kleyer 2011)

(Lienin & Kleyer 2012)

Rapid regrowth as response to grazing reduces carbon allocation to leaves

Graz → LeafInv (-)

SoilChem → LeafInv (+) Carbon allocation to leaves is enhanced under high salinity

(Díaz, Noy-Meir & Cabido 2001)

Herbivory avoidance by reduced leaf size

Literature

Graz → LeafSize (-)

Trait response to environmental factors

Linkage

Table 10. Continued
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o
o

functional dispersion to both factors.

o

o
() o

of LeafInv and a negative response of
Hypothesized functional trait responses
to disturbance and grazing represent
different coping strategies: increased
investment

in

structural

defences

(spinescence), avoidance by reduced

(Díaz et al. 2007a)

(Fine et al. 2006)

o
() 
(Reich, Walters & Ellsworth 1997)

o
o

plant height and leaf size or rapid
regrowth expressed by low LeafInv
(Díaz et al. 2007c; Skarpe & Hester
2008). Anticipated trait-trait relations
included positive effects of woodiness
plant

height

(Niklas

1993),

spinescence (Milton 1991) and LeafInv
on

whole-plant

High functional trait diversity improves productivity

convergence

theory

economics

(Reich

2014).

Furthermore, we hypothesized negative
scaling

of

LeafInv

on

functional

dispersion as described by Lienin and
Kleyer (2012). We expected only one
direct environmental effect on NPP, a
negative impact of Aridity (Chapin
2003; Zhao & Running 2010). Other
environmental

influences

were

expected to be mediated by positive
effects of plant height (Chapin 2003;
Lienin & Kleyer 2012) and CDM (Díaz et
al. 2007a) and negative effects of
LeafInv

FunDis → NPP (+)

Investment in structural defence reduces productivity

based

Spines → NPP (-)

Productivity is increased where investment in leaf tissue is limited

on

LeafInv → NPP (-)

o
Larger leaves improve whole-plant productivity due to reduced self-shading (Falster & Westoby 2003)
LeafSize → NPP (+)




PHeight → NPP (+)

Higher plants carry more leaf area which facilitates higher NPP

(Chapin 2003)

()
o

Hence we assumed a positive response

o
Not hypothesized
Woody → NPP (-)

Disturb → NPP (+)

Effects on NPP

Linkage

Table 10. Continued

Hypotheses

Not hypothesized

-

Literature

B

() o

H

L

()
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and

spinescence

(Reich,

Walters & Ellsworth 1997; Fine et al.
2006; Laliberté & Tylianakis 2011).
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5.3 Results
None of the three datasets sufficiently supported the hypothesized path model
which made several modifications necessary. In the Basin and Lowlands models 74%
and 67% of the hypothesized paths, respectively, were confirmed; six non-expected
links had to be added in each to gain significant models (Table 10). Highland data
approved only 33% of the expected paths, however only one non-expected relation had
to be added. All three final models were sufficiently robust with pmodel well above 0.05
(Figure 10).

5.3.1

Interrelations among environmental variables

No significant links between environmental variables were found in the Highlands
model. By contrast, both hypothesized relations between environmental variables were
confirmed in the Basin and Lowlands models (Table 10). Particularly the strong
positive effect of Aridity on SoilChem stood out. Additionally, a strong positive effect
of SoilChem on Grazing was revealed (Figure 10), but most likely this was not a causal
effect. High soil-pH and salinity were strongly restricted to the lowland floodplains,
which were favoured by herbivores against the surrounding savanna due to prolonged
water availability.

5.3.2

Trait response to environmental factors

Several hypothesized effects of environmental variables on traits could not be
confirmed in the Basin and Lowlands models. In the Highlands model even the
majority of paths was rejected due to the absence of any Aridity and SoilChem effects
on traits (Table 10). In all three models most of the expected effects on LeafInv were
insignificant. Strong negative effects of disturbance on woodiness and plant height
were the most remarkable trait responses, consistently over all three models (Figure
10). Moreover, we found considerable positive effects of SoilChem on LeafInv as well
as positive effects of Aridity and grazing on spinescence in the Basin and Lowlands
models.

79

CHAPTER 5

Figure 10. Final path models derived from the hypothesized model in Figure A 1 for data from
the entire study area (‘Basin’) (n=147), the lowlands (n=84) and the highlands (n=63). Overall
model significance (p¬model) was derived from Fisher’s C of d-sep tests. Only significant paths
are shown (pcoef > 0.05). Single-headed arrows represent direct effects (standardized partial
regression coefficients). Double-headed arrows represent correlations. Relative effect sizes are
given above each arrow and are additionally illustrated by arrow-width. R²-values beneath
each endogenous variable indicate their total explained variance. Abbreviations see Table 9
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5.3.3

Trait-trait linkages

All hypothesized trait-trait linkages were confirmed in the Basin and Lowlands
models, however the expected positive effect of LeafInv on plant height was found to
be weakly negative (Table 10, Figure 10). In the Highlands model only two of five
expected paths were significant, which was due to the irrelevance of spinescence and
functional dispersion. Woodiness was found to have considerable effects on other traits
in all three models. However, their individual strength was inconsistent across the
three models. While in the Basin model woodiness had strongest effects on functional
dispersion (+) and plant height (+), it mostly affected functional dispersion (+) and
spinescence (+) in the Lowlands model. In the Highlands model considerable response
of LeafInv (-) and leaf size (+) was observed.

5.3.4

Direct environmental versus trait effects on NPP

In the previous sections we solely considered direct links between model variables.
Since our primary focus lied on the investigation of effects on NPP, we extended our
analysis at this point and integrated indirect effects as well.
The most relevant direct effects on NPP in all three models were a negative effect
of Aridity and a positive effect of plant height (Figure 10). However, while the Aridity
effect was larger in the Basin and Lowlands models, plant height dominated NPP
response in the Highlands model. Expected direct effects of other traits (spinescence,
LeafInv) were weak and only confirmed in one or two models (Table 10). Furthermore,
neither FunDis nor LeafSize had significant effects on NPP in any of the three final
models.
In the Basin and Lowlands models the consideration of joint direct and indirect
effects confirmed high relevance of Aridity and plant height as well as the low
importance of other factors for the determination of NPP (Figure 11). Contrastingly, in
the Highlands model total effects indicated that apart from plant height and Aridity,
disturbance and LeafInv were crucial factors as well.
While in the Basin and Lowlands models NPP was mainly controlled by direct
effects of Aridity, NPP response in the Highlands model was dominated by effects of
disturbance mediated by woodiness, plant height and LeafInv.
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Figure 11. Direct, indirect and total effects of environmental factors and plant functional traits
on NPP in the three final models. For indirect effects dashed lines show absolute indirect effect
sizes (negative and positive). Abbreviations see Table 9

5.4 Discussion
In this study we analysed links between environmental factors, plant functional
traits and net primary productivity in a diverse landscape by application of the
response-effect framework (Lavorel & Garnier 2002). We explored inconsistencies in
these links across two different ecological zones. Similar assessments of the responseeffect framework along wide environmental gradients had rarely been conducted
before and to our knowledge never focused on any part of the African continent.

5.4.1

Direct environmental versus trait-mediated effects in different
ecological zones

In all three models (Basin, Lowlands, Highlands) direct environmental as well as
trait-mediated effects on net primary productivity (NPP) were highly significant. As we
had expected the strength of these two effect types differed across the three models. In
the Basin model (long environmental gradients) direct effects of environmental factors
on NPP were considerably stronger than trait-mediated effects (Figure 10), which was
in favour of H1. Similarly strong direct effects on NPP had been detected in a grassland
experiment over a long soil nutrient gradient (Laliberté & Tylianakis 2011). However,
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in the Lowlands and Highlands models (shorter environmental gradients) we found
inconsistent patterns. While trait-mediated effects were dominant in the Highlands
model (H1 confirmed), in the Lowlands model direct effects of Aridity were similarly
strong as in the Basin model (H1 rejected). Paradoxically, temperature and
evapotranspiration ranges in the highlands were more than twice as large as in the
lowlands (Table 9). According to H1, we therefore would have expected that traitmediated effects were of larger relevance in the lowlands than in the highlands. This
discrepancy indicates that the transition between dominance of trait-mediated effects
on NPP and dominance of direct environmental effects was not primarily controlled by
the length of environmental gradients.
Instead the strength of direct environmental effects on NPP was prominently
controlled by the severity of water resource limitation represented by the Aridity
gradient. Under strong resource limitation (as in the lowlands), a decrease in Aridity
had a much more positive effect on NPP than the same decrease in Aridity had under
higher resource availability (highlands) (Figure 12). In accordance to this pattern we
suspect that under strong resource limitation, effects of variation along the resource
gradient on NPP outperform effects of plant functional trait differences. The latter
govern rather survival than productivity in stressful environments (Goldberg &
Novoplansky 1997). By contrast, under higher resource availability environmental
effects on NPP are outperformed by trait effects. Although our results were indicative
of the water resource gradient only, we expect that our conclusion can be extended to
the other two major plant resources as well (nutrients and light). For instance, data in
Laliberté and Tylianakis (2011) uncovered a similar behaviour of above- and belowground net primary productivity to a soil fertility gradient.

5.4.2

Consistency of functional response-effect relations across
ecological zones

We found several consistent trait response and effect relations across the Basin,
Lowlands and Highlands models. Nevertheless, most relations were confirmed in only
one or two models and therefore inconsistent (Figure 10, Table 10). This is in line with
the idea that in different ecosystems, different biodiversity effects on ecosystem
functioning might prevail (Loreau et al. 2001). In contrast to our expectation under
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Figure 12. Relation between Aridity and net primary productivity for Lowland (filled dots) and
Highland data (open dots). Regression lines and R² values were derived from simple linear
regression from the entire dataset (solid line), the Lowlands data (dashed line) and the
Highlands data (dotted line)

hypothesis H2, consistency in trait-trait relations did not significantly exceed that of
environment-trait, trait-NPP and environment-NPP relations. Yet, our results revealed
another distinct pattern: all relations involving plant height were consistent across the
three models (Figure 10). Consistency of plant height response and effect across
different ecosystems and regions had been hypothesized and found before (Díaz et al.
2004). Responses of LeafInv and woodiness were relatively consistent too, however
their effects on NPP could not be confirmed in all three models. At least for LeafInv
this outcome is surprising because in previous studies SLA had been strongly related
to productivity over a wide range of ecosystems (e.g. Reich, Walters & Ellsworth 1997).
None of the responses and effects of leaf size, spinescence and functional dispersion
was consistent across the Lowlands, Highlands and Basin models. Therefore, these
response-effect relations seemed to be ecosystem- or site-specific; in one system they
were highly relevant, while they were insignificant in another system (e.g. response of
spinescence to grazing and climate in lowlands versus highlands, Figure 10). Moreover,
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even in cases where we found consistent links in all three models, their importance
differed considerably. For example, the effect of plant height on NPP was large in the
highlands, whereas it was only of moderate size in the Basin and Lowlands models.
Similar observations of inconsistencies in the significance or strength of responseeffect relations across nutrient and climatic gradients were made elsewhere (Laliberté
& Tylianakis 2011).

5.4.3

Highlights on specific response-effect relations

In all three models (Lowlands, Highlands and Basin) NPP responded most
prominently to Aridity and effects of disturbance mediated by plant height (Figure 10,
Figure 11). Strong negative effects of Aridity on NPP as revealed in this study had been
reported before (Zhao & Running 2010). Nevertheless, climatic factors had not yet
been integrated in response-effect models. Our study clearly indicated that climatic
influences on EPP and trait response-effect relations should be considered at scales
exceeding individual ecosystems. Negative responses of plant height to disturbance
(Chollet et al. 2014) and positive plant height effects on productivity (Lavorel et al.
2011; Conti & Díaz 2013; Grigulis et al. 2013) were in line with published research.
However, the weak but significant direct positive effect of disturbance on productivity
(Augustine & McNaughton 1998; Wardle et al. 2003) neutralized this indirect negative
effect in the Basin and Lowlands models. Similarly, indifferent effects of disturbance
on productivity had been identified by Oesterheld et al. (1999). We assumed that the
influence of disturbance on productivity depends on resource availability (Augustine
& McNaughton 1998; Laliberté & Tylianakis 2011). In systems which comprise strongly
resource-limited situations (e.g. high Aridity), disturbance effects are surpassed by
effects of the resource gradient (as in the lowlands). In systems which comprise only
moderately resource-limited conditions, (trait-mediated) disturbance effects on
productivity prevail (as in the highlands).
Numerous studies stressed the high relevance of traits related to the plants
economics spectrum (PES) for productivity (e.g. Chapin 2003; Laliberté & Tylianakis
2011; Lavorel & Grigulis 2012; Reich 2014). Still, LeafInv had only marginal effects on
NPP in our models (Figure 11). As Reich (2014) pointed out, under different
environmental regimes, a similar variety of successful growth strategies, represented
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by the PES, has been established. Therefore, we concluded that NPP generally shows
no distinct response to the PES over moderate and long environmental gradients.
Several other expected relations were not confirmed by our models. These
included the effects of functional dispersion, leaf size and spinescence on NPP (Table
10). According to the diversity hypothesis (Tilman et al. 1997) high functional
dispersion has a positive effect on NPP. While empirical support for Tilman’s
hypothesis is sparse (e.g. Fry et al. 2013), it had been rejected in several studies (e.g.
Laliberté & Tylianakis 2011; Chanteloup & Bonis 2013), particularly where a higher
variation of plant communities was covered e.g. (Lienin & Kleyer 2012; Moretti et al.
2013). Our results fitted well into this pattern. We assumed that under highly variable
environmental conditions, functional dispersion has no considerable effect on
productivity. The expected positive effect of reduced self-shading by larger leaves on
NPP (Falster & Westoby 2003) was insignificant in all three models. Consequently, we
concluded that leaf size is generally not suitable to explain NPP response. Finally, we
found a strongly localized importance of spinescence. While in the highlands,
spinescence was not a typical grazing response strategy, in the lowlands it was much
more common. This was most probably due to the stronger resource-limitation in the
lowlands, which restricted quick regrowth as grazing response and required
permanent defence structures (Fine et al. 2006; Skarpe & Hester 2008).

5.4.4

Critical aspects

The assessment of our results should consider the following shortcomings. Some
environmental factors and functional traits, which proved to be highly relevant in
response-effect relations, were not integrated into our models due to lack of data.
These included root traits as important components of the plant economics spectrum
(PES) (Kleyer & Minden 2015) and soil nutrients as relevant PES-determinants
(Lavorel et al. 2007; Reich 2014). Furthermore, our models did not consider
interactions between variables, although their relevance had been shown before
(Laliberté & Tylianakis 2011). Finally, our analysis was limited to a single EP, whereas
an integration of several inter-related EP might have revealed much more ecological
insights (cf. Pakeman 2011).

86

DIRECT ENVIRONMENTAL AND TRAIT MEDIATED EFFECTS ON PRODUCTIVITY

5.5 Conclusions
This study uncovered crucial aspects of functional response-effect relations that
had not yet been assessed before.
Firstly, we found that the importance of direct environmental versus traitmediated effects on NPP (and most likely on other EPP as well) was not primarily
controlled by the length of environmental gradients. The degree to which strongly
resource-limited conditions are covered by environmental gradients seemed to be
much more relevant. However, this hypothesis needs to be thoroughly tested in future
research.
Secondly, it was evident that several environment – functional traits –
productivity links as well as trait-trait relations are not consistent along environmental
gradients. Indeed, our models supported previous research which found that a number
of functional traits shows equal responses to certain environmental factors and equal
effects on specific EP across different ecosystems (e.g. Reich, Walters & Ellsworth 1997;
Díaz et al. 2004). However, the relative weight of these relations for EP response might
differ greatly from ecosystem to ecosystem. Corresponding to these findings, we
concluded that in different ecological zones, different prominent trait responses to
different environmental factors filter different effect traits which influence EP in
different ways. This implies that in heterogeneous landscapes response-effect analyses
have to consider different ecological zones.
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6 Synthesis
In this chapter the answers that Chapters 3 to 5 could provide to the major research
questions (Chapter 1.5) are synthesized and discussed. In the first part the particular
sensitivity of biodiversity and EP in Mkomazi Water Basin is amplified. Moreover,
implications for the vulnerability of ES provision in the area are evaluated. The second
part compares the land cover and functional diversity based approaches to study
biodiversity and EP sensitivity in heterogeneous landscapes. Advantages and
disadvantages of both approaches are outlined and recommendations are given for
their appropriate use. In the final part of this chapter, a protocol is developed that
integrates both approaches. It might be used as a guideline to assess biodiversity and
EP sensitivity in heterogeneous landscapes at different levels of detail.

6.1

Ecosystem sensitivity and vulnerability in central Mkomazi
Water Basin

6.1.1

Regional environmental change

Environmental conditions in central Mkomazi Water Basin are expected to change
considerably in the near future. The two most important sources for this development
are global climate change and the intensification of local land use activities. Regional
climate change models project a rise of monthly minimum and maximum
temperatures by 1.5-2.3 °C for the period 2046-2065 compared to the period 19602000 (Tadross & Wolski 2010). Rainfall is projected to increase by 5-10% during rainy
seasons, but to decrease by 20-40% during dry seasons. Human population in
Mkomazi Water Basin is growing at an average rate of approximately 2% per annum
(Kilimanjaro Region 1.8% and Tanga Region 2.2%: NBS & OCGS 2013). In response to
the increased resource demands that accompany population growth, land use activities
presumably will be expanded and intensified. This will particularly affect the highlands
as well as the floodplains along Mkomazi River. Due to better resource availability,
population growth rates in these areas are much higher than in the rest of the basin (cf.
Notter 2010). The most obvious land use change that can be expected is the expansion
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of farmland. However, most of the areas in the central Mkomazi Water Basin where
adequate crop yields can be gained are already utilized. Therefore, intensification of
farming activities might become more relevant in the future. For instance, during the
first years of the new millennium ginger was introduced in the South Pare Mountains,
a crop with high economic returns but extensive irrigation requirements (Komakech et
al. 2012). Nevertheless, intensification of farming requires investments (e.g. in
irrigation infrastructure), which might not be feasible for the local communities.
Consequently, alternative livelihood sources are expected to be tapped more
extensively, as this already is practised in the region during droughts (Enfors & Gordon
2008). Most likely, livestock keeping, timber and fuelwood extraction as well as
charcoal production will increase, particularly in the vicinity of growing settlements
(Schaafsma et al. 2012). All these land use intensifications will lead to an increase of
disturbances like ploughing, fire, grazing and logging. Furthermore, combined effects
of expanding water abstraction for farming and increased aridity are likely to entail
reductions of run-off in Mkomazi River and its tributaries, particularly during dry
seasons (Tadross & Wolski 2010). This will impair drainage from the floodplains and
increase the risk for soil salinization and sodification (Misana & Makoi 2001),
especially in the paddy fields north of Lake Manga.
In summary, the following major environmental changes have to be expected in
the foreseeable future:


Increasing aridity over the entire Mkomazi Water Basin



Increasing disturbance particularly in the floodplains along Mkomazi River, in
the vicinity of growing settlements and in the highlands along the forest
boundaries



Reduced flow water availability in Mkomazi River and reduced flooding
frequency in the adjacent floodplains



6.1.2

Soil salinization and sodification in the floodplains along Mkomazi River

Land cover tolerance and consequences for EP

Based on the results of this thesis, it was possible to evaluate how the expected
environmental changes might affect properties of ecosystems in the central Mkomazi
Water Basin. A first overview could be gained from the collected information about the
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tolerance of different land cover types to the changing environmental factors (Chapter
3).
The most important determinants of land cover distribution in central Mkomazi
Water Basin were climatic factors and disturbance. Moreover, several land cover types
significantly responded to distance to next water body, which can be interpreted as an
inverse proxy for flooding frequency. Against the background of these outcomes, the
expected environmental changes in the study area, including increases of aridity and
disturbances and reductions of river flow, most likely will entail considerable land
cover shifts.
Responses to the projected environmental changes will vary significantly among
the studied land cover units, due to their differential tolerance ranges as discussed in
Chapter 3. Land cover changes that can be expected in central Mkomazi Water Basin
are summarized in Table 11. Potential effects of rainfall change were not included since
they could not be clearly determined. While land cover responses to dry and wet season
rainfall were strongly correlated, the projected changes of dry and wet season rainfall
were opposing (decrease vs. increase).
The land cover units that are likely to suffer most from the environmental changes
in Mkomazi Water Basin are evergreen highland forests, deciduous shrub- and
woodlands on slopes and riparian woodlands (Table 11). Due to their low tolerance to
disturbance, evergreen highland forests will be negatively affected by land use
intensification, particularly at their lower boundaries. This is in accordance to findings
of forest change studies that were conducted across the Eastern Arc Mountains (Green
et al. 2013) and on Mount Kilimanjaro (Hemp 2009). Moreover, rising temperatures
will require an upward shift of the forest margins and hence a reduction of their
occurrence range (Foster 2001). Slope woodlands will show negative responses to
increased fuelwood extraction and the expansion of farms. For the Eastern Arc
Mountains, high rates of predicted and observed woodland conversion have been
stressed before (Green et al. 2013). Riparian woodlands will be extensively affected by
reductions of flow water availability and flooding frequency, indicated by their high
sensitivity to distance to next water body (cf. PBWO & IUCN 2009). Extensive effects
of increasing disturbance and rising temperatures can also be expected for
homegardens and plantation forests, respectively. Both might shift into areas currently
covered by evergreen highland forests. This depends however on the degree to which
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Table 11. Expected responses of land cover units to projected environmental changes: rising average minimum temperature (TMin); locally
increasing disturbance, grazing and distance to next water body (DToWat). These changes can have strong (+), moderate (~) or weak (-) effects
that diminish (), relocate () or extend () the ranges of land cover units. These effects are controlled by relative range breadths (rRB) and
the position of each land cover unit's occurrence range along the changing environmental gradients (pos.) (Figure 6). Occurrence ranges can
cover the minimum (min), the maximum (max) or none of both extremes of a gradient (centre). Only effects of changing environmental factors
that are important determinants of land cover distribution are listed (importance > 0.5, see Table A 2). Final land cover responses prepended
by “!” are controversial. Land cover units abbreviations see Table 1
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these cultivated land cover types will be favoured by local land users. Particularly
homegardens might be diminished in favour of more intensive farms (cf. Hemp 2006).
In line with this, intensive farmland (terraced farms in the highlands and paddy fields
in the lowlands) is likely to benefit most from the expected environmental changes in
the study area. However, this might be challenged by reduced surface water availability
in the lowlands which most likely will have negative effects on paddy fields (cf. Notter
2010). Finally, Acacia and Commiphora bushlands might benefit from rising
temperatures and increasing disturbance, due to their high tolerance to these factors.
In order to evaluate the consequences of the expected land cover changes on
different EP, their responses to land cover were analysed. In accordance to Chapter 4,
the EP in focus were annual net primary productivity (NPP), litter thickness and
erosion intensity. General linear models (GLMs) of the Gaussian family (identity link)
were applied to assess NPP. For litter thickness and erosion intensity GLMs of the
Gamma family (inverse link) were used (see Chapter 4.2.3). For the sake of model
performance, the 17 originally studied land cover units (Table 1) were generalized into
seven land cover classes (Table 12).
NPP response was well depicted by the seven land cover classes (R² = 0.65). The
highest levels of NPP in Mkomazi Water Basin were reached within indigenous forests
(Figure 13). Plantation forests and fallows as well as agroforestry and terraced farms,
which might replace indigenous forests, had significantly lower NPP. A similar
situation was found on the mountain slopes and in the lowlands where woodlands with
Table 12. Land cover classes used as EP determinants. Each land cover class derived from one
or more land cover units described for Mkomazi Water Basin (see Chapter 3, Table 1)
Land cover classes

Land cover units

Agroforestry & terraced farms

Agroforestry, irrigated terrace farms

Rain-fed farms

Rain-fed farms

Indigenous forest

Evergreen highland forest, dry evergreen slope forest,
evergreen lowland forest

Plantation forest & fallows

Plantation forest, mixed fallow grass- and shrubland

Grasslands, reeds & rice farms

Temporary flooded reed and grassland, paddy fields

Shrubland

Suaeda shrubland, Acacia shrubland, Commiphora
shrubland, mixed thicket and shrubland

Woodland

Deciduous shrub- and woodland on slopes, temporary
flooded woodland, riparian woodland
94

SYNTHESIS

Figure 13. Ecosystem properties’ (EP) variation across seven land cover classes in central
Mkomazi Water Basin. The significance values (pnull_boot) were derived from Chi-squared (χ2)
tests in bootstrapping runs (see Chapter 4.2.3)

moderate NPP might in parts be ousted by bushlands with low productivity. Based on
these results, considerable decreases of NPP have to be expected in central Mkomazi
Water Basin.
The model to describe the response of litter thickness to land cover classes
performed moderately well (Pseudo-R² (Nagelkerke 1991) = 0.43). Highest litter
thickness occurred in indigenous forests as well as in plantation forests and fallows
(Figure 13). In all other land cover classes litter thickness was considerably lower.
Hence, relevant changes of litter thickness can only be expected in areas where forests
are replaced by farms. The response of erosion intensity to land cover classes was not
significant. Therefore, a robust evaluation of the effects of land cover changes on
erosion intensity in the study area was not possible.
The outcomes of this land cover based assessment provided a first overview about
impacts of expected environmental changes on biodiversity and EP in central Mkomazi
Water Basin. However, environmental changes that do not lead to obvious land cover
changes can still have considerable effects on biodiversity and EP (Eigenbrod et al.
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2010; Lavorel et al. 2011). In order to reveal these details, analyses of EP response
along continuous environmental and biotic gradients were conducted in a next step.

6.1.3

Effects of abiotic factors and functional traits on EP

The assessment of the response of three EP (NPP, litter thickness and erosion
intensity) along continuous environmental and biotic gradients in Mkomazi Water
Basin firstly aimed to disentangle the role of abiotic effects versus biodiversity effects
(see Chapter 4). Results revealed that the most important determinants for the
responses of all three EP were environmental factors. NPP showed a distinct negative
response to aridity. As temperatures in the study area are expected to rise and dry
season rainfall to decrease (increasing aridity), NPP most likely will be reduced (Zhao
& Running 2010). Disturbance, grazing and distance to next water body (as part of the
topography factor) had no relevant direct effects on NPP. Consequently the expected
intensification of land use activities and the reduction of flow water availability does
not seem to directly impact NPP. In contrast to NPP, litter thickness showed only a
weak negative response to aridity, but strongly decreased with increasing disturbance
and grazing. Hence, considerable effects of increasing aridity on litter thickness cannot
be expected in the study area, whereas intensifying land use will cause a noticeable
reduction of litter thickness. This can be best explained by the litter removal in
cultivated land and the reduction of leaf biomass available for litter production in
grazed areas (Facelli & Pickett 1991). None of the environmental factors expected to
change, significantly affected erosion intensity. Only topography had a significant
positive effect on erosion intensity which could be mainly attributed to inclination (Fox
& Bryan 2000). Therefore, environmental changes in central Mkomazi Water Basin
are unlikely to directly influence erosion intensity.
Apart from the extensive abiotic effects, each of the three studied EP showed
considerable sensitivity to functional diversity components. Since functional diversity
also responds to environmental gradients, it can significantly modulate the effects of
environmental changes on EP (Suding et al. 2008). To evaluate the role of functional
diversity for EP in central Mkomazi Water Basin, plant functional trait effects on EP
and responses to environmental gradients were analysed simultaneously. This analysis
was restricted to NPP, however (Chapter 5). A major outcome was that many abiotic
factor - trait, trait - trait and trait - NPP relations could not be generalized over the
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entire study area. Instead relevant response-effect relations differed between the
lowlands and the highlands.
In the lowlands NPP was mainly determined by the aforementioned direct
negative effect of aridity, which was reinforced by a negative trait-mediated effect.
Furthermore, grazing had a minor negative trait-mediated effect, whereas the effect of
disturbance on NPP was negligible. On account of these findings, the expected increase
of aridity in the lowlands of Mkomazi Water Basin will reduce NPP, probably because
it limits water availability for vegetation growth (Zhao & Running 2010). Moreover,
the anticipated intensification of grazing might reduce average plant height and related
NPP (Díaz et al. 2007c; Lienin & Kleyer 2012). In contrast, due to the low sensitivity of
NPP to disturbance, the expected increases of logging, farming and fires are unlikely
to have considerable impacts on productivity.
A different situation was found in the highlands of the study area. The direct
negative effect of aridity on NPP was still distinct, but it was surpassed by a strongly
negative trait-mediated effect of disturbance on NPP. Based on these results, similarly
to the lowlands increasing aridity will cause a reduction of NPP. At the same time,
increasing disturbance will reduce average plant height and woody plants abundance,
which both mediate the reduction of NPP (Lavorel et al. 2011; Conti & Díaz 2013). This
relationship more or less represents the transformation of forests into farms as
discussed above.
Even though the functional response-effect relations that concern litter thickness
and erosion intensity have not been modelled, some assumptions could be made. These
were derived from the results about both EP’s sensitivity to functional traits and the
responses of these traits to environmental gradients. Litter thickness was negatively
affected by spinescence, most probably because the investment in defence structures
reduces leaf production (Coley 1988; Facelli & Pickett 1991). In the lowlands,
spinescence in turn was positively affected by aridity and grazing. Therefore, in the
lowlands the expected negative direct impacts of increasing aridity and grazing on litter
thickness (see above) can be enhanced by indirect effects mediated by increasing
spinescence. Due to their positive influence on erosion control, the abundance of
phanerophyts had a negative effect on erosion intensity (Zheng 2006). In all parts of
the basin the abundance of woody plants, which mostly involve phanerophyts, was
negatively related to disturbance. Consequently, at least on steep slopes erosion
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intensity is likely to increase following land use intensification that triggers a reduction
of woody plants abundance (Hartanto et al. 2003).

6.1.4

ES vulnerability and strategies to sustain livelihoods

In summary, the expected environmental changes in central Mkomazi Water Basin
most likely will have the following impacts on NPP, litter thickness and erosion
intensity:


It is very likely that NPP will decrease in most parts of the study area. In the
lowlands this results mainly from direct impacts of increasing aridity. In
addition, intensification of grazing and reduction of flow water availability
negatively affect lowland NPP, by decreasing average plant height and replacing
woodlands with bushlands, respectively. In the highlands the major influence
is increasing disturbance. It reduces NPP indirectly through biodiversity
responses like reductions of woody plant abundance and average plant height
as well as the conversion of forests into farms.



Litter thickness most likely will be reduced by direct impacts of increasing
aridity and grazing. In the lowlands this reduction might be enhanced by
increasing spinescence following both environmental changes. In the highlands
additional negative impacts on litter thickness evolve from the replacement of
forests by farms.



Erosion intensity is likely to increase on slopes where woody plants abundance
is reduced in response to increasing disturbance.

In this section potential effects of the changes in NPP, litter thickness and erosion
intensity on the provision of ES in Mkomazi Water Basin are evaluated. Moreover,
options to tackle the environmental problems in the study area are discussed.
A reduction of NPP in the study area would be coupled to a decrease of carbon
sequestration (Zhao & Running 2010) and thereby contribute to the disruptions of
global carbon cycling (cf. Figure Box 1). Yet, this would not have immediate
consequences for the local communities. From their perspective the fact that
decreasing NPP equals to reduced phytomass production is of much greater concern.
The reduction of NPP induced by aridity would seriously hit fibre, fodder and crop
production (de Bello et al. 2010). All three are the basis for the majority of livelihood
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activities in the region, including timber extraction, charcoal production, livestock
keeping and farming (PBWO & IUCN 2009; Notter 2010). However, crop production
commonly is favoured over fibre and fodder production (e.g. transformation of forests
into farmland). If this strategy is continued in the future, for example to compensate
for crop productivity decline due to increasing aridity, multifunctionality in the study
area will be at risk (Foley et al. 2005).
The potential reductions of litter thickness most importantly would accelerate the
energy and moisture exchange between soil and atmosphere (Ogée & Brunet 2002).
This would reduce the capacity for soil water retention and balancing heat fluxes. In
other words it would increase the evaporation of soil moisture, which most likely would
contribute to the decrease of primary production. Soils on slopes will be additionally
affected by increasing erosion intensity (Hartanto et al. 2003). Effects of erosion, like
the loss of humic topsoil, nutrient bleaching and soil structure deterioration, negatively
influence soil fertility, nutrient cycling and water retention (Pimentel et al. 1995).
At this point, a further aspect has to be outlined that was not covered by the studied
EP. The major biodiversity change, that has to be expected in Mkomazi Water Basin
under a ‘business as usual’ scenario, is the degradation and loss of the indigenous
evergreen highland forests (Chapter 3). Apart from the anticipated reduction of NPP
and the related decrease of phytomass production and carbon sequestration, forest loss
would entail serious disruptions of regional climate and water regulation. Tropical
forests are renowned for their ability to ‘generate’ local rainfall due to their tremendous
transpiration capacity (Boyce et al. 2010). Furthermore, forests proved to balance
groundwater replenishment and run-off (Bradshaw et al. 2007). Consequently, the loss
of considerable forest area would accelerate the process of increasing aridity and
impair the perennial availability of surface water flow.
The decrease of ES provision can already be observed in Mkomazi Water Basin
and has caused conflicts among different resource users (Notter 2010; Ndaki 2014).
Farmers in the highlands partly overuse water resources for irrigation which causes
problems for farmers and fishermen in the lowlands (Komakech et al. 2012).
Moreover, particularly in the lowlands farmers and pastoralists compete for arable
land and water resources.
In order to maintain local livelihoods, the negative effects of environmental change
on biodiversity, EP and ES provision have to be addressed. The most promising
strategy is to eliminate the root causes as far as possible (Chapin et al. 2010). Most
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importantly this comprises sustainable management of land use activities to confine
the intensification of disturbances. Options to realize that despite rising resource
demands are discussed below. In order to sustain flow water availability, fair water
sharing among highland and lowland stakeholders should be implemented. This could
follow the example of water governance systems that had been established by local
chiefs in pre-colonial times (Komakech et al. 2012). Increasing aridity however, cannot
be stopped by local measures since this is driven by global climate change (Tadross &
Wolski 2010). Nevertheless, local management to sustain the integrity of indigenous
forests can at least eliminate deforestation as an additional source for regional climate
change. Beyond that, it will be necessary to take adaptive measures against increasing
aridity. Increasing water use efficiency could be one component (PBWO & IUCN
2009). Further possibilities are the introduction of drought resistant crops and the
improvement of farm practices to maintain soil moisture.
In addition to address the sources of decreasing crop, fodder and fibre production
as well as of disruptions in climate and water regulation, it is advisable to specifically
support sensitive biodiversity components. All those land cover types or plant
functional traits should be focused that considerably influence the threatened ES and
at the same time are highly sensitive to expected environmental changes (MEA 2005).
In central Mkomazi Water Basin this accounts for evergreen highland forests and the
different woodlands or to speak in functional terms, woody plants.
Measures to restrict disturbance intensification could be well combined with
efforts to promote crucial biodiversity components. As far as possible, farmland should
mainly be expanded into fallow shrublands, whereas forests and woodlands should be
spared. This would limit negative effects on NPP and related ES. Furthermore,
agroforestry systems should be preferred over other cropping systems, since they can
substitute some of the ES provided by indigenous forests (Koh & Gardner 2010; Notter
2010). Logging and charcoal production should be banned from evergreen highland
forests and woodlands. Instead these activities should be restricted to plantation
forests ('land sparing' strategy: Koh & Gardner 2010). However, as long as illegal
logging and charcoal burning in the region are not appropriately tackled by the
responsible authorities, this approach will not be practicable. Alternatively, the
implementation of ‘reduced impact logging’ (Koh & Gardner 2010) as well as the
development of alternative sources of income (e.g. eco-tourism) might contribute to
reduce land use pressures on forests and woodlands. In the woodland and bushland
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savannas of central Mkomazi Water Basin pasturing should be managed more
effectively. Grazing pressure should be distributed more evenly, to relieve currently
overgrazed bushlands in the vicinity of lowland settlements. Furthermore, to avoid
future conflicts between farmers and livestock keepers, they should agree upon
farmland and rangeland ‘reserves’. Compensation mechanisms could be installed to
handle cases of farmland expansion and cattle invasion into farms.
A final strategy to maintain the provision of crucial ES in central Mkomazi Water
Basin is to support succession and re-establishment of (near-)natural vegetation in
degraded forest or rangeland sites (Koh & Gardner 2010).
Even though projected environmental changes pose serious threats to biodiversity,
ecosystem service provision and livelihoods in central Mkomazi Water Basin, a number
of options exist to avoid extensive impacts. This is accounted to the finding that local
land use activities are the major drivers of ecosystem change (Chapin et al. 2010).
Nevertheless, the majority of the measures described above will only be successful if
they are implemented before irreversible ecosystem changes have occurred. In
consideration of the rapid degradation the evergreen highland forest and the potential
loss of endemic species, this point might be reached soon (Swetnam et al. 2011).

6.2 Land cover versus functional diversity based assessment of
ecosystem properties sensitivity
6.2.1

Land cover based ecosystem properties sensitivity assessment:
data availability versus lack of detail

The strongest argument to base EP sensitivity assessments on land cover tolerance
to environmental gradients, is the substantial availability of data. Current land cover
data in form of unclassified satellite imagery (e.g. Google EarthTM) nowadays can be
obtained freely for most parts of the world at relatively high resolution. Moreover,
spatially-explicit environmental and biogeographical data are accessible, for instance
through the database of the U.S. Geological Survey (http://earthexplorer.usgs.gov).
Examples are elevation (Jarvis et al. 2008) and NPP (NTSG & UMT 2014) that have
been used in this thesis. Depending on the availability of other relevant data (e.g.
climate, land use), it might therefore be possible to carry out rapid assessments of EP
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sensitivity based on land cover. Apart from ground truthing, extensive field work would
not be necessary under these circumstances.
As explained in Chapter 1, land cover response and tolerance commonly has been
modelled based on temporal variation (transition probability models). Historical data
to determine temporal variation can be derived from worldwide Landsat imagery
which is part of the USGS database. Unfortunately, Landsat data is much less detailed
than the up-to-date satellite imagery. Hence, it is limited to studies where only a few
land cover types are of interest (e.g. forest vs. non-forested areas) or to applications at
transregional and global scales. Planners and land use managers commonly operate at
regional scales, however. In sub-Saharan Africa, alternative sources for historical land
cover data at the necessary detail often are lacking.
To address this problem, a different approach was used in this thesis: Instead of
building models based on temporal variation, land cover response was assessed based
on spatial variation (Chapter 3). Cross-validation tests confirmed that the procedure is
sufficiently robust. However, the global measure of land cover tolerance that was
introduced (volume of predicted occurrence: VPO) proofed to be of relatively low
informative value. The reason was that each land cover unit’s tolerance to specific
environmental factors strongly determined VPOs. Therefore, it was much more useful
to derive EP sensitivity from the factor-specific land cover tolerance ranges (Chapter
6.1.2). Considerable information about EP sensitivity could be gained from this
assessment, particularly for NPP.
On account of these results, it can be concluded that assessments of land cover
tolerance in heterogeneous landscapes with long environmental gradients can reveal
major trends of EP sensitivity. Nevertheless, there are several shortcomings that
impair the information acquired by this procedure.
Major disadvantages of land cover based approaches to assess EP sensitivity are
connected to the relation between land cover types and EP. Firstly, the assignment of
specific EP values to land cover units disregards EP variability within each land cover
unit (Eigenbrod et al. 2010; Lavorel et al. 2011). Accordingly, it is not possible to
determine EP response to environmental changes which cause only subtle land cover
alterations without shifts of land cover types. Figure 14 illustrates this issue. The
disregard of EP variability within land cover units additionally precludes the
application of land cover based approaches in homogenous study areas. Where the
diversity of land cover types is too low, substantial variation in EP cannot be detected.
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A second shortcoming of land cover based approaches, is that EP sensitivity is derived
indirectly from the sensitivity of land cover types (Chapter 6.1.2). Hence, the root
sources for EP sensitivity are not uncovered. The question in how far EP sensitivity is
controlled by responses to abiotic gradients or biodiversity is not answered. Lastly,
features of the established biotic community which might be responsible for the
tolerance of a land cover type and the related EP sensitivity cannot be identified (Díaz
et al. 2006). A third downside of land cover based approaches is that not all EP show
significant variation among land cover types (e.g. litter thickness and erosion intensity
in this thesis, Figure 13). This occurs when the root sources for EP sensitivity
correspond neither to the environmental factors that control land cover distribution
nor to those functional biotic features that characterize land cover types. A last problem
of land cover based assessments is the inconsistency of land cover classification
systems that has already been discussed in the introduction (Chapter 1, Box 3). The
application of different land cover classifications could induce differential conclusions
about EP sensitivity for the same area (Jansen & Di Gregorio 2002).

Figure 14. Detection of ecosystem properties‘ (EP) response to environmental and biotic
influences by land cover versus gradient based approaches. The schematic landscape transect
represents different situations of local climate, water availability and land use supporting
various communities with differential productivity (NPP), similar to what was found in the
research area. While land cover based assessments of EP depict only average values for each
land cover unit, gradient based approaches facilitate a much better representation of natural
variability
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In conclusion, the evaluation of EP sensitivity based on land cover tolerance allows
an unsophisticated identification of priority areas for sustainable land use
management. However, apart from the environmental factors that are most influential
on land cover tolerance, the procedure does not provide ecological explanations for EP
sensitivity.

6.2.2

Functional diversity based assessment of EP sensitivity:
Ecological explanations versus extensive efforts

The downsides of evaluating EP sensitivity indirectly through land cover tolerance
are avoided if EP response is assessed directly along gradients of environmental
conditions and functional diversity. This procedure allows to identify the individual
contribution of each abiotic and biotic gradient to EP response (Díaz et al. 2007b). In
other words, the root sources for EP sensitivity can be uncovered. Based on this
knowledge, it is possible to predict how EP would respond to changes of specific
environmental factors and functional diversity components (Díaz et al. 2006) (Figure
14). Another point that supports the assessment of EP response along abiotic and biotic
gradients, is the possibility to determine significant influences for any EP of interest.
The only precondition is that all relevant abiotic factors and functional diversity
components are included in the analysis. Hence, careful selection of variables guided
by ecologically sound hypothesis development is of large relevance for this approach
(Pérez-Harguindeguy et al. 2013).
However, in heterogeneous landscapes the experience with assessments of EP
response to environmental factors and functional diversity so far had been strongly
limited. This thesis contributes to fill this research gap. The intention was to evaluate
if stepwise EP response modelling (Díaz et al. 2007b) that disregards biotic response
to environmental factors sufficiently depicts EP sensitivity in heterogeneous
landscapes; or if it is more advisable to study EP response based on the functional
response-effect framework (Suding et al. 2008), which is more elaborate.
The results of this thesis strongly indicate that even in heterogeneous landscapes,
biotic response and effect are crucial influences for EP response and therefore should
be integrated in EP sensitivity assessments. The models of EP response in central
Mkomazi Water Basin that disregarded biotic response to environmental gradients
detected the following effects on NPP: negative effects of aridity, spinescence and leaf
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succulence as well as a positive effect of plant height (Chapter 4). However, the NPP
response model that integrated functional diversity response and effect revealed
further highly relevant relationships (Chapter 5). Firstly, the negative direct effect of
aridity on NPP, was enhanced by indirect effects mediated by spinescence, investment
in leaf structure and plant height. Secondly and more importantly, the analysis of
response-effect relations exposed disturbance as an additional, highly relevant
negative effect on NPP. However, since this effect was entirely mediated by negative
responses of plant height to disturbance, it could not be detected by the model that
disregarded biotic response. Therefore, it can be concluded that the validity of
response-effect theory is not restricted to the ecosystem level but equally applies at the
landscape scale. Instead, disregarding biotic response to environmental factors is not
advisable, since crucial effects on EP might not be detected (Suding et al. 2008).
The application of response-effect modelling for the assessment of EP sensitivity
in heterogeneous landscapes is not straightforward, however. As the study in Mkomazi
Water Basin ascertained, size and significance of specific environment-trait, trait-trait
and trait-EP relations can vary along environmental gradients (Chapter 5) (cf.
Laliberté & Tylianakis 2011; Lienin & Kleyer 2012). This variation seemed to be
grounded on distinct clusters of environment-EP relations: the lowlands where biotic
response and effect was mainly determined by aridity and the highlands that were
governed much more by disturbance. On account of these findings, it seems advisable
to investigate the occurrence of environment-EP clusters prior to response-effect
modelling in heterogeneous landscapes. If distinct clusters can be identified, individual
response-effect models should be built within each cluster.
At this point, the major disadvantage of the approach to assess EP sensitivity based
on abiotic and biotic effects becomes apparent. In order to build robust response-effect
models, extensive functional trait data is required that represents the diversity of
ecosystems in heterogeneous landscapes. Based on floristic surveys, plant functional
trait data could be obtained from one of several databases (e.g. LEDA: Kleyer et al.
2008, GLOPNET: Wright et al. 2004). However, even in the globally most
comprehensive database (TRY: Kattge et al. 2011), entries from several world regions,
among them sub-Saharan Africa, are still rare. For the time being, relevant functional
trait data from most parts of sub-Saharan Africa can therefore only be acquired by
elaborate field and laboratory measurements.
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In spite of the efforts required to conduct the described EP sensitivity assessments,
they provide valuable information for sustainable land use management. Especially,
response-effect analyses can uncover biotic root sources for EP sensitivity besides the
better known environmental drivers (Suding et al. 2008; Díaz et al. 2013). This
knowledge can highlight alternative options to sustain crucial ecosystem functions in
landscapes affected by environmental change.

6.3 A protocol for spatially-explicit assessments of ecosystem
vulnerability
In the previous sections, it was outlined that knowledge about EP sensitivity can
considerably contribute to identify sustainable land use management options. The
determination of the underlying priorities for land use management though, relies on
spatially-explicit information about ecosystem functioning and ES vulnerability
(Bolliger et al. 2011). Several attempts have been made to assess ES provision at the
landscape scale e.g. (e.g. Willemen et al. 2008; Swetnam et al. 2011; Burkhard et al.
2012). In most of these studies this was done by linking ES provision directly to land
cover types based on interviews with experts and stakeholders. However, this is not an
optimal method since it disregards the ecological basis for ES provision (Lavorel 2013).
This ecological basis is determined by ecosystem functioning, which in turn is
governed by EP (de Groot et al. 2010). Consequently, knowledge about ecosystem
functioning and ES vulnerability can be derived from information about EP sensitivity
to changing environmental conditions and biodiversity (Bennett et al. 2015) (Figure 1).
The link between EP and ES provision can again be examined by expert and
stakeholder interviews (Quétier et al. 2007; Lavorel et al. 2011). On account of these
issues, it becomes obvious that in order to gain sound spatially-explicit information
about ES vulnerability, information about EP sensitivity has to be spatially-explicit as
well.
In this final section a general protocol for spatially-explicit assessments of EP
sensitivity is proposed, that combines land cover tolerance analysis and functional
response-effect modelling. The major intention was to channel ideas how the findings
of this thesis could be used for ecological landscape analyses that can guide land use
planning and management. The proposed protocol should contribute to the ongoing
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debate about how spatially-explicit and ecologically sound assessments of EP and ES
can be realized (de Groot et al. 2010; Swetnam et al. 2011). For this purpose, it should
be capable to determine how multiple EP at each point in a landscape would respond
to different scenarios of land use, environmental and biodiversity change.
The protocol comprises nine hierarchical steps that range from study area
delineation and hypothesis development over data collection to spatially-explicit
modelling based on land cover tolerance and plant functional trait response-effect
relations. For rapid assessments of EP sensitivity, which would rely only on land cover
tolerance analysis, only the first six steps apply.
1) Selection of the study area and the EP in focus
Prior to any assessment of EP the area that should be studied has to be selected
and delineated. ES with particular importance for the local communities (or other ES
of interest for the researchers) should be identified (cf. Quétier et al. 2007). The
assessment can then be restricted to those EP that control the ES in focus.
2) Preliminary land cover classification and field visit
Existing land cover maps should be acquired to identify the inventory of land cover
types in the study area. Alternatively available satellite imagery (e.g. GoogleEarth TM)
can be used to prepare a preliminary land cover map. A first field visit can help to
ascertain a first impression of relevant environmental gradients and ecosystems.
3) Hypothesize land cover response and functional response-effect relations
On the basis of preliminary field observations, literature and expert knowledge
land cover response to abiotic factors has to be hypothesized. If an extensive
assessment is planned, additionally hypotheses have to be developed for functional
response-effect relations between abiotic factors, functional traits and EP (Suding et
al. 2008). This allows to determine the environmental factors and biodiversity
components that have to be sampled.
4) Database compilation and selection of sampling sites
A GIS database is compiled that should contain relevant data on historical and
current land cover, socio-economic features (e.g. population density), environmental
conditions (e.g. topography, climatic data, soil data) and EP. All available data sources
should be used, such as remote-sensing products and maps. A sufficient number of
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survey sites is selected to represent the major land cover types and environmental
gradients in the study area. This should be done by random-stratified selection.
5) Field data sampling
If a rapid, land cover based assessment is conducted, field work might not be
necessary depending on the quality of remotely sensed land cover and environmental
data. In case the data quality is not satisfactory, sampling should cover vegetation
structure, predominant land use and all relevant environmental data. These could
include for instance topographic features, climatic factors, hydrological parameters,
soil conditions and disturbance. For extensive assessments that integrate functional
response-effect relations, additionally floristic surveys and trait measurements have to
be conducted. The latter can be based on comprehensive manuals by PérezHarguindeguy et al. (2013) or Cornelissen et al. (2003).
6) Modelling land cover distribution and related EP
In accordance to the land cover classification system (LCCS) (Di Gregorio &
Jansen 2005) the collected data on vegetation structure and land use are used to refine
the preliminary land cover classification. Land cover distribution models are built as
described in Chapter 3. If historical land cover data is available, alternatively transition
probability models can be built. EP are related to land cover types by simple regression
techniques (see Chapter 6.1.2). Finally, the models can be applied to calculate land
cover and related EP response to spatially-explicit scenarios of future environmental
change and land use management. In extensive assessments this step is optional.
7) Data partitioning based on environment-EP clusters
Cluster analysis is conducted to identify regions within the study area that show
considerably differential environment-EP relationships. These could be for instance
lowlands and highlands as in Mkomazi Water Basin, wetlands and dry plains, or dunes
and salt marshes. Data are grouped into the identified clusters and for each of them
the original hypotheses on functional response-effect relations (Step 3) are refined and
translated into a priori path models as described in Chapter 5. Examples from
elsewhere show that these models do not have to be restricted to one EP, however
(Laliberté & Tylianakis 2011; Lienin & Kleyer 2012). Instead, relationships between EP
can be integrated easily.
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8) Testing path models on collected data
In accordance to the procedure applied in Chapter 5, the validity of the
hypothesized path models is assessed by directional separation tests applied to the
collected data (Shipley 2009). Data standardization prior to the model testing is only
necessary if the surveyors are interested in each path’s effect size. Relevant relations
that had not been hypothesized are added and insignificant hypothesized paths are
removed from the models.
9) Spatially-explicit calculation of functional diversity and EP
The final, validated path models for each cluster (Step 7) fitted to the original, nonstandardized data are applied to the GIS database in a cascading manner. At first maps
of functional traits are calculated from spatially-explicit environmental data by
application of environment-trait path models. Secondly, based on trait-trait path
models, maps are calculated for all those functional traits which are affected by other
traits. Finally, environment-EP, trait-EP and EP-EP path models are used to build
maps of each EP. After the EP maps have been built for each cluster, they are combined
to cover the entire research area. In order to assess the effects of projected land use
activities, environmental changes and biodiversity losses on EP, the cascading map
calculation simply is repeated.
Although, major steps of the above protocol have been applied to study EP
response in central Mkomazi Water Basin, it should not be taken as a fully operational
tool until its applicability has been validated in other landscapes. Especially, the
development of clustered functional response-effect models and their spatially-explicit
application to calculate EP response have to be tested thoroughly. Within the protocol
as well as throughout this thesis three major issues remained unattended which might
considerably influence the outcomes of landscape-scale EP sensitivity assessments.
These comprise the role of trophic interactions for biotic response and effect, the
relevance of intra-specific trait variability (ITV) and the importance of repercussion
effects of functional diversity components and EP on environmental factors, land use
and disturbance. Future research should explore in how far each of the three issues
should be integrated into assessments of EP in heterogeneous landscapes.
The functional diversity based studies of EP sensitivity in central Mkomazi Water
Basin (Chapter 4 and 5) solely focused on plant functional traits. Without doubt, plants
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are the major biotic modulators of EP on account of their role as primary producers
(Díaz & Cabido 2001). Nevertheless, other trophic levels can be highly relevant for EP
as well, either by direct effects or through trophic interactions and cascades (Chapin et
al. 2000; Sekercioglu 2010). The integration of multiple trophic levels can improve
assessments of EP sensitivity and might contribute to avoid ‘ecological surprises’ (Díaz
et al. 2006). Lavorel et al. (2013) proposed a framework to integrate multiple trophic
levels into functional response-effect analyses that has already been successfully
applied by Moretti et al. (2013). However, a major problem of extending ES
assessments to multiple trophic levels is that it relies on enormous amounts of
additional biological data. Land use planners who normally operate at the landscape
scale commonly lack the capacity to undertake the required extensive analyses
(Klausmeyer et al. 2011), particularly in sub-Saharan Africa.
For the sake of convenience, common approaches to measure functional diversity
in ecosystems are founded on species level averages of trait attributes. However,
‘phenotypic plasticity’ along environmental gradients and genetic variation cause
intra-specific functional trait variability (ITV) (Violle et al. 2007; Albert et al. 2012;
Mori, Furukawa & Sasaki 2013). For some traits, ITV explains up to 40% of the entire
variation (Kattge et al. 2011). Therefore, ITV can considerably influence functional
diversity and conclusions about EP sensitivity drawn from analyses that disregarded
ITV might not conform to reality (Albert et al. 2012). Even at relatively large spatial
scales, ITV might be relevant. Albert et al. (2011) proposed a set of rules to decide when
ITV should be considered and they provided methods to integrate ITV into
assessments of functional diversity. These ideas could enhance the protocol to study
EP sensitivity in heterogeneous landscapes. Poor availability of trait data for subSaharan African ecosystems requires trait measurements, anyway, hence the
integration of ITV would only marginally increase efforts.
Finally, the aspect of repercussion effects shall be highlighted which is a relevant
component of the cycle of global change (Box 1). As biotic communities and EP change
in response to environmental stresses, they affect not only ecosystem functioning but
additionally feed back on environmental conditions, land uses and disturbances
(Chapin et al. 2000; Lambin, Geist & Lepers 2003; Díaz et al. 2007a). These
repercussion effects potentially enhance ongoing environmental changes, or induce
additional changes that had not been observed originally (Díaz et al. 2007a).
Consequently, ecosystem functioning vulnerability can be considerably increased. EP
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sensitivity assessment that neglect biodiversity and EP feedbacks risk to underestimate
the vulnerability of ES, at least in the medium term. However, the integration of
feedbacks into the clustered response-effect modelling of the proposed protocol is not
trivial. It would require temporally-explicit data and the development of circular
process models.

6.4 Concluding remarks

Assessments of EP response to various abiotic and biotic stressors can uncover
root sources for the vulnerability of ecosystem functions and related ES. Therefore, the
results of these assessments highlight relevant starting points for land use
management that aims to sustain the provision of multiple ES. This is of particular
importance for rural communities in sub-Saharan Africa, since ES fulfil many of their
societal and economic needs.
This thesis makes an important contribution to advance EP and ES assessments
in heterogeneous landscapes. Due to good data availability for sub-Saharan Africa,
land cover based approaches facilitate rapid determination of environmental effects on
EP. However, they lack detail and fail to unravel the biodiversity components that
govern how land cover types respond to environmental gradients. Functional diversity
based approaches provide more information since they reveal in how far EP respond
directly to environmental factors or indirectly via responses and effects of traits. The
combination of land cover and functional diversity based EP assessments in a general
protocol allows researchers to benefit from the advantages of both approaches. While
the former can be used to identify the most critical ecosystems in a landscape, the latter
can depict the abiotic and biotic root sources for EP sensitivity in these ecosystems.
There is still considerable research needed to understand how specific land use
activities and environmental changes affect EP in heterogeneous landscapes and how
biodiversity mediates these effects. These efforts definitely should be made, since a
sound understanding EP sensitivity and related ES vulnerability at landscape scales is
required for sustainable land use planning. The aim should be to develop general
guidelines that can be readily applied by environmental consultants to identify the
most appropriate measures to sustain the provision of important ES.
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Grey shaded values highlight factors of high importance. Abbreviations see Table 1 (land cover units) and Table 2 (predictors)
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Table A 2. Importance of environmental predictors of land cover distribution in % obtained
from Regression Analysis II (reduced dataset). The most important predictors of each land
cover unit are highlighted by bold letters. Abbreviations see Table 1 (land cover units) and
Table 2 (predictors)
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Table A 3. Volumes of predicted occurrence (VPO), predictor-specific range breadths (RB) and median predictor values (Med) for
each land cover model. Abbreviations see Table 1 (land cover units) and Table 2 (predictors)
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Table A 4. Groups of correlated explanatory factors (rSpearman ≥ 0.7). From each correlation
group only one factor was selected for multivariate response models of NPP (*), litter thickness
(†) and erosion intensity (#).
Correlation group
Aridity*†, pH, electrical conductivity
Aridity*†, Topography#
Trees, PHeight†, DBH, PHeightFDis, DBHFDis#, PHeightRaoQ*, DBHRaoQ
Trees†, Phanerophyts*#, PHeight, DBH
LSucc*†, LSuccFDis#, LSuccRaoQ
LArea*†, LAreaFDis, LAreaRaoQ#
DefChem†, DefChemFDis#, DefChemRaoQ
Spine, SpineFDis, SpineRaoQ*†
LHairFDis#, LHairRaoQ
SLAFDis#, SLARaoQ
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