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Abstract

Context Hedgerows are highly important for main-

taining the biodiversity in deforested landscapes.

Especially for habitat specialists such as several forest

plants they can provide important refuge habitats.

Objectives This study aims to examine whether

there is an extinction debt for forest plants in

hedgerows.

Methods In a study area in Northern Germany that

had lost 47% of the hedgerow network over the past

120 years, hedgerows were mapped for the presence

of forest vascular plants. In a multi-model approach,

we compared the explanatory power of present and

historical landscape variables and habitat quality on

diversity patterns.

Results The change in landscape configuration had

no effect on the species richness of forest plants in

hedgerows, i.e. there was no sign of an extinction debt.

The best explanatory variable was the hedgerow width

with more species found in wider hedgerows. This

demonstrates the importance of including local habitat

variables in the study of extinction debt. For ancient

woodland indicator species models including both the

landscape configuration and habitat variables were

superior to simple models. The best models included

the historical distance to the nearest forest, suggesting

an extinction debt. Counterintuitively, a high density

of hedgerows had a negative influence on species

richness, most likely because hedgerows are narrower

in areas with higher densities due to land-saving

measures by farmers. There was also a negative

correlation between hedgerow density and the hedge-

row proximity to forests.

Conclusions The effects of important covariates

may obscure species-area relationships and undermine

extinction debt analyses.

Keywords Extinction debt �Habitat loss �Hedgerow
density � Historical vegetation ecology � Multi-model

approach � Species-area relationship

Introduction

Habitat loss is one of the main threats to biodiversity

(Sala et al. 2000; Dirzo and Raven 2003). When

habitats are destructed this has a negative influence on

species diversity, mainly due to a reduced carrying

capacity of the habitat, stronger edge effects and an

increased probability of extinction by stochastic

processes. However, a decline in species numbers

will not always occur immediately after habitat

reduction but might occur with a time-lag (Tilman

et al. 1994). When species have long generation times,
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a population can persist for decades or longer even

though regeneration is lacking. In this way species are

expected to go locally extinct even if no further habitat

change occurs. This time-delayed loss of species is

called the extinction debt, a concept which has

received increasing attention in recent years (e.g.

Tilman et al. 1994; Vellend et al. 2006; Kuussaari et al.

2009; Jackson and Sax 2010; Kolk and Naaf 2015).

When species have long relaxation times, i.e. the time

delay for predicted extinction to take place after a

habitat has been altered or reduced, the extent of

species loss may be underestimated. This poses a

challenge for conservation efforts because the effect of

habitat reduction often goes unrecognised (Jackson

and Sax 2010). It is therefore important to study the

extinction debt across different habitats and species

groups in order to counteract habitat loss as long as

species have not gone extinct.

Theory suggests that the likelihood of a time-lagged

extinction is stronger for species with a high persis-

tence, long generation times, and dispersal limitations

(Kuussaari et al. 2009). A precondition is that species

depend on a specific habitat type and are affected by

the spatial configuration of this habitat. Forest plants

are therefore prone to show an extinction debt, as they

are dependent on woody habitats, which are strongly

fragmented in large parts of Europe, and are known to

have slow metapopulation dynamics (Kolb 2008;

Brunet et al. 2011). Among forest specialists, the

subgroup of ancient woodland indicator species (AWI,

Schmidt et al. (2014)) is especially interesting to study

in this context. These species indicate woodlands of a

high conservation value and are likely to exhibit an

extinction debt because of their low dispersal capac-

ities (Kolk and Naaf 2015).

Until now, the presence of an extinction debt for

forest specialists was examined for true forests (e.g.

Vellend et al. 2006; Kolk and Naaf 2015) but not for

other wooded habitats such as hedgerows, which are

semi-natural linear habitats that form wooded net-

works across the landscapes in Central and Western

Europe. They were originally set up in the eighteenth

and nineteenth centuries as living fences but have been

severely reduced in size during the agricultural

intensification of the twentieth century (Deckers

et al. 2005). We studied an area in which 47% of the

network was lost within 120 years (see ‘‘Methods’’

section and Table 1 of this article for more details on

the hedgerow loss). When intact, hedgerows can

provide ecosystem services such as water purification,

erosion reduction and pest regulation (Van Vooren

et al. 2017), and may have an ecological effect

disproportionately larger than their size (Poschlod and

Braun-Reichert 2017). For specialised species that are

dependent on wooded habitats, such as forest vascular

plants, they can form migration corridors (Corbit et al.

1999; Roy and de Blois 2008; Wehling and Diekmann

2009b; Closset-Kopp et al. 2016) as well as refuge

habitats (Endels et al. 2004; Wehling and Diekmann

2009a). This is especially important in areas that have

been largely deforested with only fragmented forest

patches left.

Landscape properties such as the connectivity of

the surrounding network (Roy and de Blois 2008;

Ernoult and Alard 2011; Paal et al. 2017) and the

proximity to forests (Corbit et al. 1999; Litza and

Diekmann 2019) have been shown to influence the

number of forest specialists in hedgerows. Conse-

quently, an area reduction of the hedgerow network as

well as further destruction of the remaining forest

fragments is expected to lead to a decrease in forest

species richness. Besides habitat area and connected-

ness, the habitat quality also affects the diversity of

forest plants in hedgerows (Adriaens et al. 2006; Paal

et al. 2017). Previous studies have found several

habitat conditions to be of importance, e.g. the

prevailing soil conditions, particularly nutrient avail-

ability and pH (Critchley et al. 2013; Litza and

Diekmann 2017, 2019). Additionally, the hedgerow

structure has been repeatedly shown to be one of the

key factors influencing the species assemblage, with

wider hedgerows leading to more forest specialists due

to a more favourable and stable microclimate (in terms

of solar radiation, wind and temperature) (e.g. Sitzia

2007; Roy and de Blois 2008; Closset-Kopp et al.

2016; Litza and Diekmann 2019).

There are different ways of studying extinction

debts and the choice of method depends on the study

habitat and the available information. Historical data

of species distributions is scarce which is why the most

commonly used approach is to compare the influence

of the past vs. present habitat configuration on today’s

species distributions (Kuussaari et al. 2009). If the

current species occurrences are better explained by the

past than by the present habitat configuration, an

extinction debt is invoked. This configuration is often

expressed as the area (when the influence of habitat

loss is studied) or the connectivity of the habitat
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patches (when habitat fragmentation is assessed).

Fahrig (2003) underlined the importance of separating

the effects of habitat loss and fragmentation, but as

hedgerows are linear landscape elements these two

variables are strongly correlated and the assessment of

one also expresses the other. The fundamental

assumption behind the concept of extinction debt is a

positive species-area relationship, meaning that habi-

tat destruction has a negative impact on species

number. Challenges for studying the extinction debt

may arise when habitat destruction is difficult to

quantify or if other variables distort the positive

species-area relation. This has not been covered by

research until now. Many studies of extinction debts

only include landscape variables (e.g. Vellend et al.

2006; Cousins et al. 2007), but Kolk and Naaf (2015)

demonstrated for forests that it is very important to

also consider measures of habitat quality to not over-

or underestimate the effect. Our study aims to

demonstrate that covariates can impede disentangling

the effects of habitat loss from effects of changing

habitat quality and, consequently, studying the extinc-

tion debt.

We hypothesise that (1) the species number of

forest specialists in hedgerows can better be explained

by past than by present landscape configuration, i.e.

that there is an extinction debt, (2) ancient woodland

indicator species show a larger extinction debt than

other forest species, and (3) habitat quality distorts the

analysis of the effects of landscape variables on

species richness.

Methods

Study area

The study area comprises the Schleswig–Holstein

Uplands which are located in the east of the federal

Table 1 Landscape and habitat variables included in the models

Mean Range Variable group

Present hedgerow density (m/ha) 62 21–122 PL, PLAF

Present distance to nearest forest (m) 500 27–1450 PL

Present distance to nearest ancient forest (m) 720 32–1989 PLAF

Historical hedgerow density (m/ha) 116 32–184 HL

Historical distance to nearest forest (m) 664 15–1987 HL

Hedgerow width (m) 4.5 2.3–7.5 HQ

pH 4 3.2–7.0 HQ

The landscape composition was digitised as found on historical maps (1877) and present maps (2004). The hedgerow density was

measured in a radius of 500 m around the investigated hedgerows (n = 89)

Variable groups: PL present landscape, PLAF present landscape with distance to nearest ancient forest, HL historical landscape, HQ

habitat quality

Fig. 1 Map displaying the study area in the east of the federal

state of Schleswig–Holstein, Germany
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state of Schleswig–Holstein, Northern Germany

(Fig. 1), and is characterised by a Young Drift

morainic landscape. The climate is suboceanic with

an annual precipitation of 770 mm and a mean annual

temperature of 8.9 �C (DWD 2015).

The main land use in the study region is agriculture

(1,088,390 ha = 68.9%) while only 10.3%

(162,014 ha) are covered by forests (Statistikamt

2018). About half of the forests can be characterised

as being ancient i.e. older than 200 years (Glaser and

Hauke 2004). The estimates for today’s hedgerow

length vary between 44,915 km (Müller 2013),

68,281 km (MLUR 2005) and 73,400 km (Jungelt

2016). Based on this, the land cover by hedgerows can

roughly be estimated. If the most widely used estimate

of total hedgerow length of 68,281.2 km is multiplied

by the mean hedgerowwidth in the study area of 4.5 m

(Table 1), this sums up to an area covered by

hedgerows of as much as 30,726.5 ha (1.9%).

The establishment of hedgerows has a century-long

tradition in Europe. Some hedges can be dated back

more than 1000 years (Pollard et al. 1974; Stamm and

Welters 1996) while most of the hedgerows in Central

andWestern Europe were established in the eighteenth

and nineteenth centuries (Weber 1967; Pollard et al.

1974). As part of the Enclosing Acts, they were

created as living fences that surrounded fields, marked

boundaries and restrained the livestock. They also

supplied fruits and were important sources of firewood

and timber through periodical coppicing. Even though

farmers do not depend on these features of hedgerows

anymore, regular management is required until today

to maintain the habitat. Poorly managed hedgerows

are threatened to lose their important ecological

functions and show a decrease in species diversity

(Staley et al. 2013). In the study area, the land-owners

are until today obliged by law to manage the

hedgerows in an appropriate manner (regulations in

MELUR 2017). During the 1950s to 1980s the land

consolidation process in Central and Western Europe

had the purpose of generating larger agricultural fields

that could be managed more efficiently. In the course

of this process, large parts of the hedgerow network

were removed, locally more than 70%, while only few

hedgerows were newly planted to compensate for

those measures (Kellerhoff 1984). The most frequent

shrub species found in hedgerows are Corylus avel-

lana, Prunus spinosa, Sambucus nigra and Rubus

fruticosus agg., while the tree layer is most often

formed by Quercus robur.

Data sampling

We investigated 89 hedgerow plots in total. Of those,

42 were sampled in summer (June and July) 2015 and

again in April 2016. Another 32 were investigated in

May 2016 and the remaining 15 in spring (April and

May) 2017 and summer (July) 2017. The plots had a

length of 70 m and were confined by the borders of the

adjacent fields, i.e. included the field margins in the

analysis. The surveys recorded presence/absence data

of all forest specialists (classified by Schmidt et al.

(2011) as 1.1 ‘largely restricted to closed forests’ and

1.2 ‘preferring forest edges and clearings’). We

distinguished the ancient woodland indicator (AWI)

species as a subgroup (Schmidt et al. 2014). These are

forest specialists that have particularly low dispersal

capacities, are thus mainly confined to habitats with a

long stability in the landscape and indicate habitats of

a high conservation value. All investigated hedgerows

were already present on maps from 1877 to 1879 and

can thus be considered as ancient (Litza and Diekmann

2019). Recent hedgerows were shown to have not yet

attained equilibrium diversity (Litza and Diekmann

2019) and were therefore excluded from the sampling.

We measured the width of the shrub layer once per

plot at a representative point close to the plot centre.

Only hedgerows with a minimum height of 2 m were

included in the sampling to exclude newly coppiced

hedgerows. Hedgerow width is known to be an

important proxy for local habitat quality (Closset-

Kopp et al. 2016; Litza and Diekmann 2019), but it

cannot be measured directly after coppicing, i.e. the

removal of the shrub layer. One soil sample per plot

was taken in the centre of the plot to determine the pH

values. For the analysis, the soil was air-dried and

sieved in the laboratory, and 10 g of soil were mixed

with 25 ml of 0.1 M CaCl2. After 1.5 h of shaking the

pH was measured using a pH meter with glass

electrode.

Present and historical landscape properties

Spatial analyses were carried out in QGIS (QGIS

Development Team 2016) and R (version 3.6.1, R

Foundation for Statistical Computing, Vienna, AT)

using the package ‘rgeos’ (Bivand and Rundel 2018).
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We used the maps of the ‘Preußische Landesauf-

nahme’ (1:25,000) by the Prussian government

(1877–1879, hereafter referred to as from 1877),

which are likely to reflect the historical peak in

hedgerow density, to gather information about the

former landscape composition. The newest maps

covering the complete study area were published in

2003–2008 (Topographische Karte 1:25,000) with

most of the map sheets dated from 2004 (and hereafter

referred to accordingly). The hedgerow network was

digitised in a radius of 500 m around the plots on both

sets of maps to calculate the density in meters per

hectare (m/ha). For linear landscape elements the

length (or density) is a good representative for habitat

area and connectivity (Holland and Fahrig 2000).

There was a considerable loss in the density of

hedgerows in the study area (Table 1). While the

historical density amounts to 116 m/ha on average,

there was a mean loss of almost half of the density

until today (47%). Occasionally, the loss even

exceeded 77% of the network. One single plot gained

more hedgerows than it lost but the net gain was only

8 m/ha. An exemplary change can be seen in Fig. 2.

Additionally, the distance of the hedgerow plots to

the closest forests (as a potential source of forest

species populations) was measured in the historical

and present landscapes. Only deciduous or mixed

forests with a minimum size of 0.5 ha were consid-

ered. For the present landscape, we also measured the

distance to the nearest ancient forest which was

defined as already being present on the historical

maps. Recent forest patches are known to be less

species rich than ancient ones (Naaf and Kolk 2015)

and therefore we also calculated the distance to the

nearest ancient forest to control for the difference in

source population quality. The distance to the nearest

forest decreased over time from on average 664 m to

500 m (Table 1) which means that the study area in

parts gained recent forest. At the same time, ancient

forests were lost and the mean distance to the nearest

ancient forest increased by 56 m.

Forest species richness

All statistical analyses were carried out using R. To

analyse which of the compiled habitat and landscape

variables had an influence on the forest species

richness in hedgerows we ran several Generalized

Linear Models (GLMs) with Poisson distribution in a

multi-model approach. The models were tested for

collinearity based on the variance inflation factor

(VIF) and all included variables had VIF\ 2 (Zuur

et al. 2010). The dispersion parameters of the Poisson

distribution ranged from 0.84 to 1.28, meaning that

there was neither over- nor underdispersion in the data

and a simple Poisson distribution could be used.

Additionally, a correlation matrix of all explanatory

variables was created and the Pearson-correlation

coefficients were tested for significance.

Fig. 2 One exemplary hedgerow network in a 500 m radius

around the plot is shown for a the historical landscape (1877)

and b the present landscape (2004). While there were only few

hedgerows created recently, large parts were cleared at the

expense of the town and to gain larger agricultural fields. The

density decreased from 114 to 83 m/ha
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Similar to Kolk and Naaf (2015), we started with

simple models that contained only one variable group

(compare Table 1: PL = present landscape,

PLAF = present landscape with distance to nearest

ancient forest, HL = historical landscape, HQ = habi-

tat quality) and determined the Minimal Adequate

Models (MAM) that contained only significant vari-

ables. We repeated this for the three complex models

that each contained one of the landscape variable

groups together with the habitat quality variables. This

resulted in a list of seven models (four simple models

and three complex models). The final AICs of each

MAM were then compared to determine which set of

variables best explained the found diversity patterns.

A difference in the AIC was considered significant if it

was larger than two. The same procedure was applied

to model the richness of AWI species.

The best models were analysed further for both

forest specialists and AWI species by assessing the

remaining variables for their relative explanatory

power by means of variance partitioning (varpart

function in the ‘vegan’ package (Oksanen et al.

2019)).

Results

We found no difference between the present and the

historical landscape in explaining today’s forest

species richness in hedgerows, i.e. no extinction debt

(Table 2). Further, the complex models did not

perform better than the simple models. In the simple

models, the present and the historical density as well

as the hedgerow width were all found significant. In all

the complex models only the hedgerow width

remained in the final models rendering it congruent

with the habitat quality model. Even though hedgerow

density was significant when entered on its own, in

combination with the hedgerow width it provided no

additional explanatory power and was thus excluded.

Overall, the simple habitat quality model was the one

with the lowest AIC (DAIC = 10.35 to the next best

model) which means that the hedgerow width is the

most important variable in explaining current species

richness patterns. The wider the hedgerows were, the

more forest specialists could be found in the hedge-

rows (Fig. 3).

In all the simple landscape models, the distance to

the nearest forest was removed while the hedgerow

density remained in the model. Therefore, the two

models of the present landscape including either the

shortest distance to any forest or the distance to the

nearest ancient forest resulted in the same final model.

As thus all final models contained only one variable,

no variance partitioning was applied.

For the AWI species the results differed. Both for

the simple and the complex approaches, the two

superior models were those including the present

landscape with the distance to the nearest ancient

forest and the historical landscape, while overall the

complex models performed best (Table 3). The habitat

quality model had the highest AIC. More AWI species

were found in hedgerows that were close to a forest in

historical times, or close to one that was continuously

present until today (and thus being ancient). The

species richness of AWI species was, like overall

Table 2 Overview of the GLMs to analyse the effects of landscape and habitat variables on the forest specialist richness in

hedgerows (n = 89)

AIC Intercept Hedgerow density Forest distance Hedgerow width pH value

Present landscape 426.41 2.274 - 0.005** –

Historical landscape 427.39 2.294 - 0.003** –

Habitat quality 416.06 1.249 0.159*** –

Landscape ? habitat quality 416.06 1.249 - – 0.159*** –

The AIC values are listed for each model. ‘‘Hedgerow density’’ and ‘‘Forest distance’’ refer to the respective variables of the specific

model. For variables that remained in the minimal adequate model the estimates (log-transformed) and the significance levels are

given (***p B 0.001, **0.001\ p B 0.01, *0.01\ p B 0.05). Variables that were removed from the models during model

optimisation are crossed out. The final complex models were equivalent to the habitat quality model because the landscape variables

were not significant. Also the present landscape models including the shortest distance to any forest or only the nearest ancient forest

did not differ from another because forest distance was not significant in either of the models
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forest species richness, positively influenced by the

width of the hedgerow. Overall, most of the variables

remained in the final models.

Interestingly, a denser hedgerow network was

negatively correlated to the number of forest species

in the hedgerow, which may find its explanation in the

correlation matrix of explanatory variables (Table 4).

The hedgerow density is negatively correlated to the

hedgerowwidth in both present and historical times. In

addition, in historical times the hedgerow networks

were denser when being further away from a forest.

Today, this relationship can still be seen in the distance

to the nearest ancient forest. That means that there are

two covariates that result into the counter-intuitive

negative correlation of network density and species

richness.

Congruent results were seen in the variance parti-

tioning for the AWI species. Most of the variation in

AWI species richness was explained by the distance to

the nearest forest for both of the best final models, i.e.

the complex present landscape model with distance to

Fig. 3 Relationship between forest species richness and

hedgerow width in hedgerow plots of 70 m length (n = 89).

The curve is based on a Poisson distribution. The shaded area

indicates the 95% confidence interval

Table 3 Overview of the GLMs to analyse the effects of landscape and habitat variables on the species richness of ancient woodland

indicators in hedgerows (n = 89)

AIC Intercept Hedgerow density Forest distance Hedgerow width pH value

Present landscape

(distance to any forest)

256.05 1.713 - 0.017*** - 0.0011***

Present landscape

(distance to ancient forests)

252.87 1.745 - 0.016*** - 0.0009***

Historical landscape 253.99 1.631 - 0.009*** - 0.0003**

Habitat quality 266.25 - 2.424 0.307*** 0.297**

Present landscape

(distance to any forest)

? Habitat quality

253.64 0.643 - 0.014** - 0.0011** 0.191* –

Present landscape

(distance to ancient forests)

? Habitat quality

246.94 0.330 - 0.012** - 0.0010 *** 0.262 ** –

Historical landscape

? Habitat quality

247.92 0.126 - 0.006** - 0.0010*** 0.272** –

The AIC values are listed for each model. ‘‘Hedgerow density’’ and ‘‘Forest distance’’ refer to the respective variables of the specific

model. For variables that were included in the minimal adequate model the estimates (log-transformed) and the significance levels are

given (***p B 0.001, **0.001\ p B 0.01, *0.01\ p B 0.05). Variables that were removed from the models during model

optimisation are crossed out
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the nearest ancient forest and the complex historical

landscape model. The distance accounted for 38% and

24.3%, respectively, of the explained variation. The

hedgerow width explained 22.5% and 21.5% and the

hedgerow density another 13.4% and 13.2%, respec-

tively. The strong overlap of the hedgerow density

with other variables is expressed in the high proportion

of shared variation: 16.5% and 31% in combination

with the respective forest distance and 18.4% and

19.3%, respectively, with the shrub width. The

variation shared between all three variables was less

than 1% for both models.

Discussion

Covariates obscure the species-area relationship

We found no indication for an extinction debt of forest

specialists in hedgerows. The models including the

historical landscape configuration did not outcompete

the models for the present landscape. Instead, the

habitat quality, represented by the width of the shrub

layer, was the best model in explaining the patterns of

forest species richness found today. This underlines

the importance of integrating local effects into land-

scape models. Forest plant species can display an

extinction debt as evidenced in other studies from

forest fragments (Paltto et al. 2006; Vellend et al.

2006). But even though hedgerows are wooded

habitats, they differ from forests in some important

aspects. Because of their linear structure, hedgerows

have a high edge-to-area ratio, are prone to strong

fluctuations in temperature and humidity and face

frequent disturbances caused by the adjacent land use.

With increasing width this effect is mitigated which

causes the microclimate to be more stable and increas-

ingly similar to forests (Vanneste et al. 2020). This is

in accordance with many studies which found hedge-

row width to be essential for forest plants (e.g. Forman

and Baudry 1984; Le Cœur et al. 1997; Roy and de

Blois 2008; Closset-Kopp et al. 2016; Litza and

Diekmann 2019). Deckers et al. (2004) found struc-

tural variables such as hedgerow width, length and

height to be more important for the species richness

than spatial variables such as distance to the nearest

forest and the density of the hedgerow network. Roy

and de Blois (2008) described hedgerow width to be

the most important local variable for forest specialists

but also found a positive effect of the nearby forest

cover and hedgerow age. Ernoult and Alard (2011)

studied the influence of landscape configuration at

different spatial and temporal scales on hedgerow

species richness and report an effect of past adjacent

land-use and network connectivity.

The strong influence of hedgerow width might also

explain why we found more forest specialists in

sparser networks. There was a negative correlation

between the density of the hedgerow network and the

width of the hedgerows, and it is thus possible to link

the density of a network to differences in habitat

quality. Because of this strong correlation, we believe

that the hedgerow width is not only a local variable but

can also function as a proxy for habitat quality on a

landscape scale. This relationship has already been

described early on in hedgerow research by Marquardt

(1950) who explained this phenomenon with the land

loss that resulted from the construction of hedgerows.

Areas that were dominated by manorialism and thus

divided into large manors had always had larger fields

Table 4 Correlation matrix of variables included in the models

Present hedgerow density Historical hedgerow density Hedgerow width pH

Historical distance to nearest forest 0.24* 0.39*** - 0.09 - 0.22*

Present distance to nearest forest 0.18 0.26* - 0.11 - 0.19

Present distance to nearest ancient forest 0.21* 0.34** 0.08 - 0.19

Hedgerow width - 0.29** - 0.27* – - 0.01

pH 0.03 - 0.02 - 0.01 –

The values given are Pearson correlation coefficients with their significance levels (***p B 0.001, **0.001\ p B 0.01,

*0.01\ p B 0.05). n = 89. The italised coefficients of the landscape variables are included for informative reasons but are not

used together in one model

123

1194 Landscape Ecol (2020) 35:1187–1198



and thus a lower hedgerow density. Peasantry-domi-

nated areas on the other hand were divided into many

small fields that all had to be enclosed with hedgerows.

When farmers owned less land they tried to keep the

hedgerow banks as narrow as possible to save

farmable land (Marquardt 1950). Large landowners

in contrast could afford to keep wider hedgerows. In

this way, the construction of less dense networks often

resulted in a higher habitat quality.

The hedgerow density also depends on the soil

quality as soils with lower quality are often associated

with larger fields (Marquardt 1950). At the same time

areas with low soil quality were not clear cut for

agriculture (Behre 2008). Thus networks around

(ancient) forests are likely to be less dense. Another

aspect is related to differences in the age of networks

of different densities. Hedgerows on the land of

manors were often created before the enclosure

movement (i.e. before the eighteenth century) and

are therefore likely older than hedgerows in the dense,

well-structured networks of later times (Weber 2003).

Litza and Diekmann (2019) indeed found more forest

specialists in ancient hedgerows (created before 1877)

but it can be assumed that the colonisation credit of the

hedgerows from the times of the enclosure was already

paid off and that there is no difference between these

hedgerows and older ones. Depending on the proxim-

ity of source populations Litza and Diekmann (2019)

found that the colonisation credit in recent hedgerows

could be paid off within several decades.

Overall, the hedgerow density integrates several

covariates and thus represents a complex set of

variables and not mainly, as expected, habitat area

and connectivity. This obscures the species-area

relationship which in turn hampers the analysis of an

extinction debt. This problem was not caused by the

sampling method or the statistical analysis but instead

is an inherent problem of the specific data set and thus

cannot be overcome with the usual statistical

approaches.

Extinction debt for ancient woodland indicator

species

Despite the overall difficulties, we found historical

patterns to be more important for ancient woodland

indicator (AWI) species richness than present patterns

suggesting an extinction debt. This emphasises the

importance of investigating relevant subgroups of

species as these may respond differently to landscape

compositional changes (Adriaens et al. 2006; Van den

Berge et al. 2018). Also for AWI species the species-

area relationship was inversely proportional, however,

the variable most influential for AWI species richness

was the proximity to forests. Here it is important to

note that the distance to the nearest forest actually

decreased over time because new forests were planted

on former agricultural land. The improvement of

habitat conditions is again an uncommon phenomenon

in extinction debt studies. However, recent forests are

in general less species rich than ancient forests (Kolk

et al. 2017) and thus represent less potent source

populations. The average distance to ancient forests

actually increased because some of those particularly

species rich forests were destructed. AWI species have

very low dispersal capacities and therefore depend on

the close proximity to potent source populations (Wulf

2003). Our results reflect this because even though the

forest distance was significant in both models of the

present landscape, the model including the distance to

the nearest ancient forest performed considerably

better. This confirms that species with different

dispersal capacities are differently affected by a

change in landscape composition and patch

configuration.

Implications for management

We found no evidence for a general extinction debt for

forest plants in hedgerows but owing to the strong

influence of several covariates on hedgerow density

we cannot exclude its presence. Therefore, we do not

know how the loss of surrounding habitat affected the

forest plant community. Hedgerows are a very

dynamic habitat with a high edge-to-area ratio. It is

therefore conceivable that the fragmentation per se has

a negligible effect. But the loss of habitat area is likely

to have reduced the carrying capacity of the habitat

and to have resulted in declining species numbers.

Whether this happened immediately or over time

cannot be concluded from our data. The extinction

debt found for ancient woodland indicator species was

mainly caused by the different distances to ancient

forests in the surrounding when comparing the historic

and present landscapes. This highlights the importance

of conserving ancient woodlands as biodiversity

hotspots and potential source populations on a land-

scape level.
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We conclude that the quality of the habitat is more

important for forest plants in hedgerows than the

decline in the hedgerow network. For management

and conservation this does not imply that the remain-

ing hedgerows do not need to be protected but instead

that an even stronger focus needs to be put on the

habitat quality and the width of the hedgerows in

particular. The decline in the hedgerow network was

severe over the last century but was halted in recent

years when stricter management regulations were

introduced. Potential land loss is used as an argument

against maintaining hedgerows and there is still a

tendency of land-owners of keeping the hedgerows as

narrow as possible when less agricultural land is

available. This is very unfortunate because the

hedgerow width was confirmed to be a key element

for the habitat quality.
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Kiel

Müller G (2013) Europas Feldeinfriedungen: Wallhecken

(Knicks), Hecken, Feldmauern (Steinwälle), Trocken-

strauchhecken, Biegehecken, Flechthecken, Flechtzäune
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