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Introduction 

Human dominance of the Earth’s ecosystems has 

resulted in a dramatic decline of global biodiversi-

ty and thereby caused unforeseen changes in eco-

system patterns, processes and functions. In par-

ticular, land use is considered a major threat to 

biodiversity worldwide because it leads to de-

struction, degradation and fragmentation of habi-

tats (Millennium Ecosystem Assessment 2005, 

Pereira et al. 2012). Vascular plants are strongly 

linked to human land use and are of special im-

portance for all life on Earth: generally, plant di-

versity is needed to maintain ecosystem functions 

and services, and is therefore instrumental to eco-

system health and ultimately human well-being 

(Isbell et al. 2011, Cardinale et al. 2012). 

 In order to reduce global biodiversity loss 

and consequent impacts on human well-being, 

studying ecosystem attributes and their complex 

interactions with land use is essential. Those stud-

ies also need to incorporate a wide range of spa-

tial scales, for several reasons. First, land use di-

rectly affects ecosystems at local scales (Hooper et 

al. 2012), but biodiversity loss is typically assessed 

at regional and global scales (e.g. Millennium Eco-

system Assessment 2005), since drivers of land-

use decisions increasingly act at regional, conti-

nental to global scales – as a result of globaliza-
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Abstract. Plant species richness is essential for ecosystem func-

tioning, resilience and ecosystem services, yet is globally threat-

ened by anthropogenic land use, including management and 

modification of the natural environment. At broad scales, land-

use effects are often simply modelled by habitat loss, assuming 

that transformed land becomes completely inhospitable for 

naturally occurring species. Further, estimates of species losses 

are flawed by the common assumption of a universal slope of 

the species–area curve, typically ranging from 0.15 to 0.35. My 

PhD dissertation consists of a global species–area analysis, a 

meta-analysis about land-use effects on plant species richness 

and an approach to integrate these land-use effects in a coun-

tryside species–area model. Overall, my PhD research contrib-

utes to a deeper understanding of species–area relationships 

and how patterns of species richness at macroscales are driven 

by land use. It proposes a model to predict species richness 

patterns of vascular plants that overcomes limitations of previ-

ous models.  
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tion, the industrialization of agriculture and for-

estry, and the increasing influence of transnation-

al corporations (Lambin & Meyfroidt 2011). More-

over, biodiversity loss is of great concern at the 

regional scale, where the level of endemism is 

high and political decisions about the allocation of 

conservation funds are usually made. 

 The species–area relationship (SAR) is a 

prominent concept for predicting species richness 

and biodiversity loss across spatial scales and 

therefore has profound importance for conserva-

tion biogeography (Ladle & Whittaker 2011). This 

relationship describes an increase in species rich-

ness with increasing sample area. Observed SARs 

are mostly approximated by a power law 

(Arrhenius 1921) because this has been shown to 

describe SARs appropriately under most condi-

tions (Dengler 2009, Triantis et al. 2012): 

 S = cAz       (1) 

or its linear function in log–log space: 

 log(S) = log(c) + z log(A)    (2) 

 The intercept c can be interpreted as the 

average number of species per unit area (e.g. A = 

1), and z describes the slope of the log–log rela-

tionship. 

 The recent debate about whether SARs are 

the most appropriate method to estimate biodi-

versity loss (He & Hubbell 2011, Pereira et al. 

2012) shows that current applications of SARs to 

estimate species richness and its change are based 

on overly simplistic assumptions:  first, recent 

models have used a limited range of model pa-

rameters, such as a fixed z-value typically ranging 

from z = 0.15 to z = 0.25 or 0.35 (e.g. Pimm et al. 

1995, Brooks et al. 2002, Thomas et al. 2004), 

which is based on theoretical assumptions (cf. 

Harte & Kitzes 2012) rather than empirical anal-

yses. Second, recent models assume that human-

modified habitat becomes completely inhospita-

ble, ignoring the fact that many species may per-

sist. To adequately predict species richness and 

how it is affected by land use, it is crucial to obtain 

a good model fit and to consider the potential of 

human-modified habitat to sustain species. 

 The overall aim of my PhD dissertation 

(Gerstner 2015) was to improve predictions about 

the current status of the diversity of vascular 

plants and enhance the understanding of how hu-

mans have contributed to diversity changes in the 

past, thereby enabling better future predictions. 

Therefore the main research questions were:  

1. Can I produce a better global SAR model to es-

timate the distribution of native plant species 

richness at the global scale by including varia-

tion due to historical, or environmental deter-

minants?  

2. How do different types of land use affect plant 

diversity at local to regional scales and do 

these effects further depend on the environ-

mental, historical or socio-economic context?  

3. How can I integrate the varying effects of land 

use into a SAR-model which predicts the distri-

bution of native plant species richness? 

 
Accounting for geographical variation in 

global species–area relationships 

For the global SAR-analysis I used the best 

available global species richness data for vas-

cular plants (Fig. 1; Barthlott et al. 2005, Kier 

et al. 2005; also see Kreft & Jetz 2007). These 

data contain species richness information 

within geographical units differing greatly in 

size (areas ranged between 13.5 km² and 

575,440 km², Fig. 1b) and shape and were de-

rived from floras, checklists and other litera-

ture sources. Therefore, this data set is likely 

to reflect species richness of the semi-natural 

vegetation, i.e. native and naturalized alien 

taxa, excluding recent species introductions 

and extinctions resulting from land use. Alt-

hough large gaps existed in the data (e.g. Bra-

zilian Amazon), the data set covered almost 

the full spectrum of global variation in abiotic 

conditions.  

 At the macroscale, evolutionary history 

and ecosystem productivity (resulting from 

temperature, water availability and soils, 

among other factors) are suggested to be the 

most important correlates of species richness 

patterns besides area (e.g. Storch et al. 2007). 

Specifically, history and productivity drive 
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differences in diversification rates, i.e. the 

rates at which speciation, immigration and 

extinction operate, now and in the past 

(Rosenzweig 1995, and see Storch et al. 2007 

for a review). In the more recent past and at a 

smaller scale, humans started to transform 

land and, hence, established new environ-

mental conditions and habitats promoting ex-

tinction and immigration of non-native spe-

cies. Thus, land use might also influence SARs. 

Consequently, as possible determinants of 

geographical variation in SARs across biogeo-

graphical provinces, I chose: floristic kingdoms 

as proxies for evolutionary history, biomes as 

proxies for both evolutionary history and eco-

system productivity, and land cover to ac-

count for both (semi)natural and human-

modified habitats.  

 The best model incorporated variation 

between biomes and explained almost half of 

the species richness variation, in contrast to 

only 6% using a single global SAR (Gerstner et 

al. 2014a). This result suggests that ecosystem 

productivity and evolutionary history, both 

captured in biomes, mainly determine the 

patterns of plant species richness at the global 

scale. Evidence of systematic variation be-

tween biomes (Fig. 2a) suggests that the use 

of canonical z values (e.g. 0.25) in classic SARs 

to estimate extinctions resulting from habitat 

loss is likely to result in erroneous predictions. 

Such insights are particularly important for 

improving conservation guidance (Whittaker 

& Matthews 2014).  

 This modelling approach is also easily 

implemented in applied studies predicting 

species richness patterns at appropriate scales 

(e.g. 100 km x 100 km, Fig. 2b). The number of 

species in a given area A can be estimated by 

summing up species richness estimates for 

each biome. The biome-specific SAR model is 

defined as: 

       (3) 

where   ,   are the SAR parameters for each 

biome i, and    is the fraction of area covered 

by the biome i,  hence                .  I strongly 

recommend that the model is not applied at 

small scales at which other factors may deter-

mine variation in SARs (Turner & Tjørve 2005). 

 
Effects of land use on plant diversity – A 

global meta-analysis  

Plant diversity is globally threatened by anthropo-

genic land use, yet evidence for declining species 

diversity from numerous case studies at regional 

and local scales is mixed. Much of the current dis-

agreement results from the variety of land-use 

options being examined in various regions and at 

various temporal and spatial scales, hampering 

direct comparability of studies. Furthermore, land-

use effects on plant diversity extend beyond the 

boundaries of transformed land by altering habi-

(a) 

 
 

(b) 

 

 1 
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Figure 1. (a) Geographic distribution of richness data for vascular plants used in the analysis (n=1032, after Barthlott 
et al. 2005, Kier et al. 2005). Dots represent centres of geographical units. Geographical units differ in size, and spe-
cies counts have not been standardized. (b) Observed relationship of log10(species richness) against log10(area) for 
each geographical unit in (a). Figure reproduced with publisher’s permission from Gerstner et al. (2014a). 



tat characteristics, and thus indirectly affect re-

maining native vegetation; specific effects might 

generally depend on the environmental, historical 

and socio-economic context. Using a meta-

analytic framework (sensu Koricheva et al. 2013) 

and a global dataset extracted from 375 studies, I 

studied the effects of 11 classes of land use on 

plant diversity (Fig. 3a). Study designs of the re-

search entering the meta-analysis were very het-

erogeneous, including both experimental and ob-

servational studies, and covered a range in plot 

sizes of seven orders of magnitude (10-2–105 m²). 

However, we did not find that land-use effects on 

plant species richness vary systematically with 

plot size. 

 The analysis unequivocally demonstrates 

that land use affects plant species richness, both 

negatively and positively, but that its effects vary 

depending on the specific type and location of 

land use (Gerstner et al. 2014b, Fig. 3b). For exam-

ple, associations between silviculture and pre-

scribed fire that increase plant species richness 

have been detected, which can be attributed to 

mechanisms that directly support species coexist-

ence and persistence (e.g. Tilman 1982). Further, 

variation of effects was best explained by land-use

-specific covariables such as initial land-use sys-

tem for plantations and abandonment of different 

management classes. Generally, land-use effects 

differ between biomes, suggesting that in regions 

with larger species pools, the impacts of land use 

on species richness tend to be stronger (Fig. 3c) 

because more species can be lost in species-rich 

biomes. This extensive synthesis helps to advance 

one of the most important debates in the ecologi-

cal literature – how global biodiversity loss relates 

to smaller spatial scales and how it is moderated 

by land use (Bennett 2014).  

 

Integrating land use into broad-scale species 

richness patterns using a countryside SAR 

approach 

Recent models of environmental change mostly 

assume that human land use leads to complete 

habitat loss. This simplistic assumption has been 

criticized (Pereira et al. 2012, De Camargo & Cur-

rie 2015), and species richness patterns in coun-

tryside ecosystems, i.e. areas strongly influenced 

and transformed by humans, are complex (Pereira 

& Daily 2006, Mendenhall et al. 2014). For exam-

ple, some species depend on disturbances or open 

habitats, and colonize human-modified land-

scapes. SAR approaches that consider the conser-

vation value of such countryside have recently 

become available (Pereira & Daily 2006), but have 

been limited to smaller study regions where sam-
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Figure 1. (a) Differences in species–area relationship (SAR) curves for vascular plants among biomes. Axes delineate 
ranges of original data (see Fig. 1b). The lengths of SAR curves reflect the range sizes of sampling units used to fit the 
relationship. The thick black line indicates the global relationship. (b) Predictions of vascular plant species richness 
for 100 km x 100 km grid cells based on my biome-specific SAR. Figure reproduced with publisher’s permission from 
Gerstner et al. (2014a).  



pled data or atlas data were available. Such data 

are scarce at continental scales, so I proposed a 

new approach to parameterize a countryside SAR 

and assess the distribution of plant species rich-

ness across Europe (Gerstner et al. submitted). I 

used findings from my previous studies (Gerstner 

et al. 2014a, Gerstner et al. 2014b) and corrected 

species pool size at broad grains (50 km x 50 km) 

and at the same time accounted for local land-use 

effects (1 km x 1 km). 

 The countryside SAR accounts for the con-

servation value of transformed habitat by intro-

ducing a parameter hj reflecting the habitat affini-

ty of a species group to habitat type j, which is the 

proportion of area that can be effectively used by 

the species group. I determined the parameter h 

using a response ratio (RR), i.e. the ratio between 

species richness in the modified habitat Sj relative 

to the species richness of the original habitat Sorig, 

and the slope z of the SAR:         (4) 

A basic formulation of the countryside SAR model 

is given by: 

       (5) 

Finally, I combined both models, the biome-

specific SAR (eqn. 3) and the basic countryside 

SAR (eqn. 5) and used the following equation to 

predict the species richness pattern: 

 

             (6) 
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(a) Direct Effects 

Abandonment Long-term abandonment (more than 8 years) from active management (e.g. agriculture, grassland management, silviculture, plantation) 

Agroforestry Combining trees and shrubs with crops and/or livestock 

Deforestation Cutting forest in order to establish pastures or cropland on that land 

Fertilization Nutrient input (with N or P) or organic (control) vs. conventional (managed) farming 

Fire Prescribed or naturally occurring fire 

Grassland 
management 

Grazing (of large herbivores) or mowing several times per year. Only studies using climax natural grasslands or short-term exclosures (less than 8 years) 
were considered. In contrast, long-term exclosures (more than 8 years) where succession has already started were classified as abandonment.  

Plantation Artificially established forest, farm or estate, where crops are grown for sale 

Silviculture Logging (large-scale cutting of forest including clear cutting) or thinning (reducing basal area of a forest) 

Indirect Effects 

Edge effects For managed patches the land-use intensity gradient follows the distance gradient from the edge towards the centre. For natural patches next to 
managed patches this gradient is reversed, i.e. from the centre towards the edge. Edge effects are linked to fragmentation and land-use expansion. 

Habitat age Duration of management or temporal proximity to last disturbance (agricultural or silvicultural management, fire) or habitat establishment 
(successional stage), all consider different stages of the same treatment (in contrast to abandonment) 

Patch area Increase of patch area of managed land or decrease of patch area of remaining natural land 
 

 
(b)  (c)  

 

 

    

 1 
Figure 3. (a) Land-use classes considered and their definitions used in the meta-analysis of Gerstner et al. (2014b).  
(b) Effect-size plot from the linear mixed-effects model considering land-use classes as fixed effects. Dots and bars 
represent mean effect sizes and their 95% confidence interval as estimated from the model. Effect sizes indicate the 
direction and magnitude of the effect of land use on plant species richness. Positive or negative effect sizes indicate 
whether land use is associated with increases or decreases in species richness, respectively. Number of study out-
comes is given in brackets. (c) Relationship between species pool size, as estimated by the biome-specific SAR per 
100 km x 100 km (cf. Fig. 2b), and absolute effect sizes per land-use class in biomes. Species pool size is positively 
correlated with land-use effects in biomes (r =0.234, P = 0.007). Figures reproduced with publisher’s permission from 
Gerstner et al. (2014b). 



 To estimate the habitat affinities of vascular 

plants to land use hj (eqn. 3) I used the slopes of 

the biome-specific SAR curves (Gerstner et al. 

2014a) and estimated the response ratios corre-

sponding to land use in Europe using meta-

analytical techniques (Gerstner et al. submitted). I 

analysed a subset of data originally collected for 

the global meta-analysis (Gerstner et al. 2014b, 

N=113) that provided means and variances of spe-

cies richness for different land-use classes and 

semi-natural, unmanaged vegetation. For the 

countryside SAR, I considered a number of wide-

spread land uses in Europe which show significant 

effects on plant species richness in the analysis, 

i.e. silviculture, plantation/cropland, fertilized land 

and abandoned land.   

 Overall, this countryside-SAR approach 

overcomes the unrealistic assumptions of previ-

ous model approaches about constant or general-

ly negative effects of land use (e.g. van Vuuren et 

al. 2006, Alkemade et al. 2009) and is able to pre-

dict species richness changes across spatial scales 

(in contrast to Newbold et al. 2015). Moreover, 

such a broad-scale approach allows the study of 

scenarios of land use and trade-offs with biodiver-

sity resulting from national and international poli-

cy changes. Forthcoming studies can help to im-

prove it, e.g. by updating land-use effects on spe-

cies richness and providing improved maps of land

-use indicators. Finally, since climate change re-

sults in biome shifts (Hansen et al. 2001), the 

countryside SAR is able to account for climate 

change effects in predictions of biodiversity 

change, by using biome-specific SAR parameters.  

 

Conclusion 

Despite limitations and remaining challenges in 

modelling species richness patterns, my thesis 

contributes to a deeper understanding of species–

area relationships at the macroscale, and of how 

species richness patterns at broad scales are driv-

en by land use. I have developed a countryside 

SAR to predict species richness of vascular plants, 

accounting for land use. Thus, the model over-

comes limitations of previous models which have 

served as a baseline for global assessments (e.g. 

Millennium Ecosystem Assessment 2005). Moreo-

ver, my countryside SAR model enables predic-

tions about the combined future climate- and land

-use-change effects on plant richness, which can 

be used to better inform environmental policy at 

the scale of regions to continents. In my thesis I 

have used vascular plants as the focal taxon, but 

the approach can be applied to other taxa as well. 

Furthermore, the approach can be transferred to 

other regions in which it is feasible to collect such 

data, and supplemented by integrating effects of 

other land-use indicators. In the future, appropri-

ate global land-use datasets may become availa-

ble (Kuemmerle et al. 2013), ensuring consistency 

in scenario evaluation. This is particularly im-

portant as drivers influencing individuals’ land-use 

decisions increasingly act at continental to global 

scales (e.g. Lambin & Meyfroidt 2011). 
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