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Abstract 

There is empirical evidence that the proportions of different land uses or management regimes 

and their spatial arrangements can affect the long-term dynamics of bird species in agro-

landscapes. The aim of our study was to assess the extent to which biodiversity can be 5 

enhanced by altering landscape structure without reducing agricultural production. We 

focused on a wader bird, the Northern Lapwing (Vanellus vanellus), in grassland landscapes 

in the Marais Poitevin area (France). For the purposes of our study, we developed a spatially 

explicit, dynamic model linking grass dynamics in grazed and mowed fields to lapwing 

population dynamics on a landscape scale. We then computed contrasting landscapes 10 

composed of fields with different management regimes that compensated for or 

complemented each other. The mechanism of compensation corresponded to the case where 

one management regime is favorable to a species, and the other is less so. The mechanism of 

complementation corresponded to the case where each of two management regimes is 

partially favorable to a species. Our results showed that the relative share of different 15 

management regimes was the main driver of Northern Lapwing dynamics in landscapes 

characterized by compensatory management regimes. In landscapes characterized by 

complementary management regimes, the spatial arrangement of the management regimes 

was also an important, albeit secondary, driver of bird population dynamics. Managing the 

spatial arrangement of management regimes is a way to improve the trade-off between 20 

ecological and agricultural performances on a landscape scale by improving ecological 

performances without altering the level of production. Landscape heterogeneity appears to be 

a promising way to reconcile the agricultural and ecological functions of agriculture, although 

it raises several issues concerning collective management.  

Key words: Landscape, Grassland, Grassland birds, Lapwing, Model25 
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1. Introduction 

 

Agricultural intensification in Europe has resulted in a substantial decline in biodiversity, with 

farmland bird specialists being particularly at risk (Julliard et al. 2003, Donald et al. 2006). It 

has entailed changes in farming practices such as increased mechanization and the broad use 30 

of chemical inputs on a field scale, as well as landscape-scale changes such as field 

enlargement, the standardization of practices, and the loss of semi-natural elements. This 

homogenization of agro-landscapes has reduced the availability and diversity of resources 

(e.g., food and shelter) and is one of the main drivers of biodiversity loss (Tscharntke et al. 

2005). 35 

Recent reviews highlight the importance of heterogeneity in reversing the decline of 

biodiversity in agricultural landscapes (Benton et al. 2003; Tscharntke et al. 2005). 

Heterogeneity is a complex notion and has been defined in different ways (Sparrow 1999). 

The term synthesizes two landscape characteristics: first, the proportions of different 

agricultural land uses or management regimes; and second, their spatial arrangement (i.e., the 40 

composition and structure of the landscape) (Burel and Baudry, 1999). Benton et al. (2003) 

and Tscharntke et al. (2005) point out the importance of landscape heterogeneity and 

complexity to hosting a diversity of species but provide few details on the underlying 

mechanisms. More recently, Fahrig et al. (2011) went further by describing the different 

aspects of the functional dimension of heterogeneity. This functional dimension of 45 

heterogeneity is very much in line with former theoretical and empirical studies that analysed 

the interactions between habitats and proposed various hypotheses linking landscape 

composition to biodiversity (Dunning et al.1992; Andren et al.1997). They distinguish two 

types of mechanisms (compensation and complementation), depending on the nature of the 

various habitats generated by each management regime and on the way they interact on the 50 
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ecological point of view. These two types of mechanisms have been synthesized by Brotons et 

al. (2005). The mechanism of compensation corresponds to the situation where one land-use 

type is favorable to a given species and a second is of lower quality (Andren et al.1997). The 

mechanism of complementation corresponds to the case where each of the two management 

regimes is partially favorable to a species, and both management regimes are required for the 55 

species to complete its life cycle; e.g., one habitat provides shelter, while another provides 

forage (Dunning et al.1992). The proportion of the different management regimes is then a 

strong driver of the mechanism of complementation. However, it is also likely that the spatial 

arrangement of the landscape interacts with the mechanism of complementation and modifies 

its outcome.  60 

Many studies and policies focussing on the ecological functions of agro-landscapes implicitly 

posit that a favorable habitat (e.g., a field under an agri-environment scheme) compensates for 

the effects of an unfavorable one (e.g., a field with conventional management). This approach 

is embodied in the model of Green et al. (2005) contrasting intensive land use, which is 

detrimental to biodiversity, to extensive land use, which is favorable to biodiversity. The 65 

compensatory view also prevailed for a long time in conservation policies for agro-

ecosystems. For example, Swiss agricultural policy imposes a minimum threshold of 7% 

compensatory areas in agricultural landscapes (Albrecht et al. 2007). But along with the 

composition of landscapes, landscape structure is increasingly considered a major driver of 

biodiversity, and the heterogeneity of landscapes is starting to be taken into account in 70 

conservation policies. These include introducing measures of the mosaic management of 

habitats in the Netherlands (Melman 2010) to protect the Black-Tailed Godwit (Limosa 

limosa).  

The proportion of different management regimes in the total cultivated area of a farm is an 

important driver of ecological performance (Jouven and Baumont 2008; Tichit et al. 2011). 75 
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However, converting some intensively managed fields into extensive ones often involves a 

trade-off in production (Sabatier 2010). In this context, acting on the spatial arrangement of 

management regimes to increase the heterogeneity of landscapes without altering the 

proportions of different management regimes could be an important lever for reconciling 

productive and ecological functions of agro-landscapes, because it promotes mechanisms of 80 

complementation.  

 

The objective of this study was to assess the extent to which biodiversity can be enhanced by 

altering landscape structure without reducing agricultural production. The following two 

hypotheses were successively tested: 85 

 

1. In a landscape composed of complementary management regimes, the spatial structure 

of the landscape influences the ecological performance (Figure 1.a). 

 

2. Increasing the complexity of the landscape structure makes it possible to offset the 90 

trade-off between agricultural and ecological performances (Figure 1. b).  

 

 

Testing such hypotheses in the field would mean monitoring several landscapes with different 

land-use proportions and different spatial structures (all other things being equal) and 95 

recording data on ecological and agricultural performances. A simple way to have a first 

overview is to use a modeling approach. In this study, we developed a model that formalizes 

the interactions between agricultural management regimes and the dynamics of a bird 

population (Northern Lapwing) in a landscape consisting of permanent grasslands. Our aim 

was to build a theoretical model, still as realistic as possible, to reveal through simulations 100 
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how the spatial arrangements of management regimes can impact a target species. The model 

simulates how Lapwing populations are affected by the proportions of different management 

regimes and the complexity of the spatial arrangement. Each landscape is characterized by its 

performances: ecological (population size at time horizon) and agricultural (average grazed-

grassland production). We successively simulated series of landscapes composed of two 105 

complementary management regimes, two compensatory management regimes, or three 

management regimes leading to both complementary and compensatory mechanisms. 

          

 

 110 

Figure 1 The two hypotheses tested in relation to landscape structure. Hypothesis 1 (a): The theoretical curve 
linking the proportion of management regimes to the bird abundance in the case of complementary 
management regimes shows a humped shape (solid line). Our first hypothesis is that landscape structure may 
offset this curve (dashed lines).  Hypothesis 2 (b): A negative relationship between agricultural and ecological 
performances, driven by the proportions of different management regimes, is often found in agro-landscapes 115 
(solid line). Our second hypothesis is that an increase in the complexity of the landscape structure may offset 
this trade-off (dashed line). 

 

 

2. Material and Methods 120 

2.1 Description of the case study 

The case study was focussed on the population dynamics of the Northern Lapwing (Vanellus 

vanellus) in a wet-grassland landscape on the French Atlantic coast (Marais Poitevin, 46°22’ 

N, 1°25’ W). These grasslands are anthropomorphic agro-ecosystems. Whereas, on the one 
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hand, their maintenance depends on livestock farming, on the other hand, over-intensive 125 

management of grasslands is detrimental to biodiversity (Durant et al. 2008b, Vickery et al. 

2001, Sabatier et al. 2010). Waders reproduce in grasslands, and their life cycle is closely 

linked to the management practices and characteristics of landscapes (reviewed in Durant et 

al. 2008b). A large part of their life cycle depends on the direct and indirect effects of 

management practices on the field scale (Sabatier et al. 2010). The direct effect of 130 

management occurs before hatching, when eggs are exposed to trampling by cattle (Beintema 

and Muskens 1987). Indirect effects linked to habitat quality, such as predation risks or food 

availability, occur after hatching, as juveniles leave the nest in their first month of life and 

disperse to a neighboring area, where they remain quite sedentary (Redfern 1982; Johansson 

and Blomqvist 1996; Kruk et al. 1997). Since they collect food by themselves and do not 135 

depend on their parents for foraging, they are highly sensitive to habitat quality at this time in 

the life cycle. This habitat quality depends on grass height and structure (review in Durant et 

al. 2008b). Therefore, their dispersal through fields of different grass heights just after 

hatching is an important mechanism in their population dynamics in addition to the direct and 

indirect effects on a field scale. After the first month, juveniles strongly increase their 140 

mobility by starting to fly. Due to this dispersal behavior, waders are good model species for a 

multi-scale analysis of interactions between agricultural management regimes and ecological 

dynamics. Of the different wader species nesting in our study area, the Northern Lapwing 

(hereafter simply referred to as the Lapwing) was by far the most common and best studied. 

We therefore focussed our study on this species.  145 

 

2.2 Model overview 

We developed a spatially explicit model that represents a grassland landscape, consisting of 

fields with different grassland-management practices, exploited for beef-cattle farming. This 
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agro-ecosystem is seen both as a feeding resource for cattle and as the habitat of the Lapwing. 150 

The landscape is composed of K=64 fields represented in a lattice grid of 64 square pixels of 4 

ha. Given the high geometric regularity of the real landscape shaped by rills and canals, this 

lattice grid can be considered to be a reasonable approximation. The dynamics are discrete in 

time with a time step of 1 month and a time horizon of 2 years (T=24 months). The model 

links the dynamics of the grass biomass of a set of fields to the dynamics of a population of 155 

Lapwings (Figure 2).  
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Figure 2 Forrester diagram of the model, focused on one field and one neighboring field. Lapwing population is 
controlled by cattle directly through nest trampling and indirectly through grazing; juvenile re-distribution 
depend on grass height. 160 
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Both dynamics are adapted from Tichit et al. (2007) and Sabatier et al. (2010). The grassland 

sub-model simulates grass growth controlled by grazing or mowing in each field. The 

Lapwing sub-model simulates the dynamics of a Lapwing population in relation to the direct 

and indirect effects of grazing and mowing on Lapwing demographic parameters. In grazed 165 

fields, grazing may have a direct negative effect on the Lapwing’s fecundity (i.e. the number 

of hatched eggs) due to the destruction of nests through trampling by cattle, when the grazing 

period coincides with the nesting stage. Grazing also modifies the grass height that determines 

habitat quality [e.g., feeding resources (Whittingham et al. 2000) and predation (Isaksson 

2008)] for juveniles. In our model, this indirect effect is reflected by declining juvenile 170 

survival with increasing grass height. Lapwings nest quite early in the year, and mowing 

occurs after the critical stage of their life cycle (end of May). Therefore, in mowed fields, only 

grass height impacts on the juveniles’ survival. Along with the direct and indirect effects of 

management, the Lapwing sub-model also includes the juveniles’ re-distribution from one 

adjacent field to another in the month following hatching.  175 

A detailed list of parameters is given in Table 1. 

 

Table 1 List of parameters 

BL,k Live biomass (g.m
-2

) 

BD,k Dead biomass (g.m
-2

) 

h Grass height (cm) 

u1,k Cattle density (LU.ha
-1

) 

u2,k Mowing event 

t Time (months) 

T Time horizon (months) 

Njuv,k Juvenile population 

Nad,k Adult population 

α Proportion of females at reproductive age 

σ Sex ratio 

f
max

 Maximum fecundity 

η Daily survival rate of the eggs 

t* Length of the incubation period of the eggs (days) 

c Intra specific competition rate 

q Grazing parameter (g.LU
-1

) 
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2.3 Dynamics of grazed or mowed grasslands 

The grassland dynamics are formalized through a matrix model adapted from Hutching and 180 

Gordon (2001) reflecting growth, senescence, and the decay of live- and dead-grass biomass. 

Grass biomass at time t+1 depends on grass biomass at time t and on management practices. 

In each field k, the grass biomass Bk(t) is represented in the form of a vector 








kD

kL

B

B

,

,
 (live 

biomass, dead biomass) expressed in g organic matter per m². Grass height is related to grass 

biomass by a linear function h(Bk(t)). Biomass dynamics are controlled by cattle density at 185 

grazing u1,k(t) and by mowing u2,k(t): 

 

Bk(t+1)=A(t,Bk(t))Bk(t)-G(u1,k(t), Bk(t)) –C( u2,k(t), Bk(t))    (1) 

 

where A(t,Bk) is the transition matrix related to the natural dynamics of the grassland relying 190 

on growth, decay, and senescence processes. It depends on time t and grass biomass at time t 

Bk(t). C is the mowing function, which depends on Bk(t) and u2,k(t): the mowing intensity 

(u2,k= 0 or 1). When mowing occurs, u2,k(t)=1, all biomass above 5 cm is harvested. 

G(u1,k(t),Bk(t)) is the grazing function, which depends on Bk (t), and u1,k(t): the cattle density in 

field k at time t. For further details on the grassland dynamics, see Sabatier et al. (2010).  195 

 

2.4 Dynamics of the Lapwing population 

The Lapwing-dynamic model is a female-centred, stage-structured matrix model (Caswell 

1989) commonly used when modeling wader population dynamics (Klok et al. 2009, 

Hitchcock and Gratto-Trevor 1997). It is based on two age classes: the first class consists of 200 

juveniles Njuv,k, and the second class consists of adults Nad,k in field k. The choice of a 

deterministic matrix model for Lapwing dynamics has two main advantages. First it maintains 

a methodological coherence with the matrix-based biomass model, and second, it has the 
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advantage of parsimony compared with models including environmental stochasticity (Tichit 

et al. 2007). Lapwings are considered juveniles for the first month after hatching. For 205 

simplicity, we put all individuals that were more than 1 month old into a category that we 

labeled "adult". Lapwing dynamics are linked to biomass dynamics and to grassland 

management. Four key events define the dynamics of the birds: adult distribution, nesting, 

juvenile re-distribution, and adult survival (Figure 2).  

 210 

- Adult distribution 

At the beginning of the year (March; t=3), the adult Lapwings in all fields are redistributed 

evenly across the K fields composing the landscape.  

March (t=3)  
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In the first year, it is the initial population Nad,tot, which is distributed evenly. 215 

 

- Nesting 

In April (t=4), nest trampling by cattle can destroy eggs and decrease fecundity. During this 

period, fecundity F (the number of juveniles per adult) is a function of the cattle density 

u1,k(t). 220 

April (t=4)  
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where )( ,1 kuF : )(..)( ,1,1 kk ufuF  ; with α being the proportion of females that are of 

reproductive age, σ the sex ratio, and )( ,1 kuf  the clutch size, which depends on the cattle 

density u1,k during the nesting period (Figure 3.a) through the relationship  

  kut

k fuf ,1
*

max,1            (4), 225 
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where f
max

 is the maximum fecundity without trampling, η the daily survival rate of eggs, and 

t
*
 the length of the incubation period of the eggs. 

 

- Juvenile re-distribution and survival 

In May (t=5), two successive events occur: juvenile re-distribution and juvenile survival. 230 

 

May (t=5)  
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where D is the juvenile-migration function, and S is the juvenile-survival function. Njuv,• and 

B• are the population sizes and the biomass in all fields and are read as follows: 235 

 LkNN kjuvjuv  ,,  and  LkBB k  , where L is the set of fields in the landscape.  

 

The re-distribution function D calculates the number of juveniles present in field k after re-

distribution. The function   BNkD juv ,, ,  reflects immigration and emigration mechanisms: 
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    (6) 

240 

where  




)(

,

8 kVi

ijuvik NB stands for immigration, and  




)(

,

8 kVi

kjuvki NB stands for emigration. 

V8(k) is the set of eight fields adjacent to field k. The migration function  Bmn , with 

 ),(),,(),( ikkinm  , stands for the proportion of juveniles moving from field m to field n. 

This function reflects the juveniles’ preference for fields that offer better habitat quality (i.e., 

short grass heights). This migration function depends on Δsjuv(h(B•)): the difference in 245 

expected juvenile survival between the field of birth and the adjacent fields. Habitat-selection 

mechanisms constitute a wide study area in landscape ecology (Kristan 2003; Pulliam and 
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Danielson 1991), but the data needed to draw the shapes of habitat-selection functions are 

very difficult to obtain. In the absence of precise knowledge of a habitat-selection function in 

the case of the Lapwing, we adapted the negative exponential function used by Akçakaya et 250 

al. (2004) replacing the distance by the quality of the habitat and normalizing it to ensure a 

constant population. This migration function is a concave function that is coherent with the 

nidifugous behavior of the juveniles. The concave shape means that high levels of dispersal 

are expected even with small differences in habitat quality. The shape of the curve is given by 

Figure 3.b.    255 
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With |X|
+ 

= max (0,X), the juvenile-survival function Sk reads as follows: 

  
  

kjuv

kjuvkjuv

kkjuvk
cN

NBhs
BNS

,

,

,
1

,


         (8) 

where sjuv (h(Bk(t))) is the impact of the grass height of field k on survival. Juvenile survival is 260 

also impacted by intra-specific competition represented by a Beverton-Holt-type density-

dependence function, where c represents the strength of the competition (Figure 3.c and d).  

 



14 

 

 265 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

0 1 2 3 4 5 6

Cattle density (LU/ha)

L
a
p

w
in

g
 c

lu
tc

h
 s

iz
e
, 

f(
u

)

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

a.

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0 0,2 0,4 0,6 0,8 1

Difference in expected survival,  ΔSjuv

P
ro

p
o

rt
io

n
 o

f 
ju

v
e
n

il
e
 m

o
v
in

g

 f
ro

m
 o

n
e
 f

ie
ld

 t
o

 a
n

o
th

e
r,

 
τ

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

b.

0.0                   0.2                   0.4                   0.6                    0.8                   1.0

 

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

0,5

0 0,5 1 1,5 2 2,5 3

J
u

v
e

n
il

e
 s

u
rv

iv
a

l 
ra

te

Density of juveniles

0.50

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

c.

0.0                0.5                1.0                 1.5                2.0                2.5                 3.0
0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

0,45

0,50

0 5 10 15 20 25 30

J
u

v
e

n
il
e

 s
u

rv
iv

a
l 

ra
te

Grass height (cm)

0.50

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

d.

 

Figure 3. Functions of Lapwing clutch size (a), juvenile migration (b), and juvenile survival (c and d). The lapwing 
clutch size (Equation 4) is presented as a function of cattle density during the nesting month (a), and juvenile 
migration (Equation 7) is presented as a function of the difference in juvenile survival between two adjacent 270 
fields (b). Juvenile survival (Equation 8) is presented as a function of juvenile density with no grass-height effect 
(c) and as a function of grass height without density dependence (d). 

 

- Adult survival 

For adults that are able to fly, we applied a constant adult-survival coefficient reflecting 275 

independence from the local management regime. For the sake of simplicity, it was 

considered that annual adult survival (sad) occurs in December (t=12): 

December (t=12) 
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For all other months, Nad,k(t+1)=Nad,k(t) and Njuv,k(t+1)=Njuv,k(t). 280 
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2.5 Model calibration 

Grazed-grass sub-model 

Three databases from the study area (Marais Poitevin marsh) were used to parameterize the 

grazed-grass dynamics. The relationship between grass height (h) and grass biomass (B) was 

modeled by a linear regression with no intercept (lm procedure, R software) based on data 285 

from a harvesting trial conducted on 15 grazed fields in 2004 to derive the relationship 

between grass height and biomass. The parameters of the natural dynamics of the grass were 

calibrated using grass-height measurements from 74 un-grazed fields (Durant et al. 2008a). 

The calibration was done by minimizing the mean-square error (MSE) between the predicted 

and measured grass heights. Once the natural dynamics were calibrated, the grazing parameter 290 

q was calibrated using a backward-calibration method on a third dataset containing sequences 

in grazing intensities and grass heights recorded from 12 fields in 2002 (Tichit et al. 2005a). 

Calibration was also performed by minimizing the MSE. After this last step, an MSE of 27 

cm² was obtained which corresponds to a 5.2 cm root-mean-square error.  

Lapwing sub-model 295 

Most Lapwing demographic parameters were based on data from the literature. Reviews on 

Lapwing demography emphasize low reproductive success (mean clutch size around four 

eggs, high nest failure, and one brood per year) and relatively high adult survival (around 0.7) 

(Sandercock, 2003). Due to the lack of precise data for the relationship between chick survival 

and grass height, a threshold approach was used (Tichit et al. 2007). The effect of nest 300 

trampling on the fecundity of the Lapwing was calibrated from Beintema and Muskens (1987) 

who quantified the effect of one livestock unit on the daily survival rate of eggs. The initial 

Lapwing population (Njuv(0)=0, Nad(0)=41) was set to the population densities observed in the 

study area (Durant et al. 2008a). The coefficient of competition was based on the relationship 

linking the number of broods to the grass height established by Galbraith (1988).  305 
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For full details on the parameter values and calibrations of both the grass and the Lapwing 

sub-models, see Sabatier et al. 2010. 

2.6 Simulations 

We simulated different types of landscapes based on three management regimes (Figure 4.a, 

b, and c): productive grazing (PG), ecological grazing (EG), and spring mowing combined 310 

with light autumn grazing (M). This functional typology of management regimes was derived 

from Sabatier, Doyen, and Tichit (2010), where management regimes were identified based 

on differences in their impacts on the key stages of the Lapwing life cycle (Table 2). Both 

types of grazing management (PG and EG) generate relatively short grass heights ensuring 

high juvenile survival rates. Productive grazing is defined by heavy cattle densities during the 315 

nesting period and therefore a high level of trampling. It has a strong negative effect on 

Lapwing fecundity. Ecological grazing corresponds to low levels of cattle density during 

nesting, and thus a limited trampling risk that maintains fecundity at a relatively high level. 

Mowing occurs at the end of May, after the nesting period, and does not impact fecundity. 

However, grass height has grown too high in hay fields to provide suitable habitats, and 320 

juvenile survival is low. The combination of spring mowing with light grazing in autumn 

generates similar grass heights at the beginning of the year in fields with each of the three 

management regimes (PG, EG, and M). This makes it possible to avoid effects on the adults’ 

choice of a nesting site.  

 325 

 

 

 

 

 330 
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Table 2 Different management regimes taken into account in the model and their qualitative effects on the 
demographic parameters of birds (after Sabatier et al. 2010) 

 

Landscapes Management regimes Impact of management 

regimes 

Fecundity (F) Survival (sjuv) 

Scenario 1: pairs of 

complementary 

management regimes 

Mowing + - 

Productive grazing 
- + 

Scenario 2: pairs of 

compensatory 

management regimes 

Productive grazing 
- + 

Ecological grazing 
+ + 

Scenario 3: all 

management regimes Productive grazing 
- + 

Ecological grazing 
+ + 

Mowing + - 

 

 335 

After a brief descriptive analysis of the different dynamics at the field scale based on four 

situations focusing on one field and its immediate surroundings, we tested our two hypotheses 

on full-size, 8×8 landscapes by simulating three different scenarios (Table 2):  

- Scenario 1. Landscapes with fields managed by mowing (M) and productive grazing 

(PG)  340 

The management regimes are complementary. Each management regime is suitable for 

a single stage of the Lapwing life cycle (Table 2). These landscapes enabled us to test 

Hypothesis 1 (Figure 1.a). 

-  Scenario 2. Landscapes with fields managed by productive grazing (PG) and 

ecological grazing (EG). 345 

The management regimes are compensatory with PG implying more trampling (and 

thus a lower fecundity rate than EG). This pair of management regimes acts as a 

control for Hypothesis 1. There is no complementation between the management 

regimes (Table 2), and we did not expect to see any significant effect of the structure 

of the landscape on the Lapwing populations. 350 
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- Scenario 3. Landscapes with fields managed by three management regimes 

These landscapes, corresponding to a mixture of compensation and complementation 

mechanisms, enabled us to test Hypothesis 2 (Figure 1.b). Mowing is constant and 

covers the same proportion as in our case study (39% of the landscape). 

 355 

The first algorithm simulated landscapes with a uniform distribution of management regimes. 

Management was assigned randomly to fields. Simulated landscapes thus had a low 

aggregation of management regimes. 

To generate variable levels of land-use clustering, and thus variable levels of complexity in 

the landscape structure, we used Neyman-Scott processes. A Neyman-Scott process is a point 360 

process built from a homogeneous Poisson process defining a set of ”father” points that serve 

as centres for clusters of “son” points. Each cluster of son points is obtained by a non-

homogeneous Poisson process centred on the father point upon which the cluster depends. For 

more details on Neyman-Scott processes, see Ripley (1977). The simulated landscapes were 

obtained using the R software: rNeymanScott function of the Spatstat package (Baddeley and 365 

Turner 2005). This algorithm made it possible to generate landscapes with different levels of 

land-use clustering. A wide set of parameter values were used in the rNeymanScott function, 

and a large number of replications were computed. Thus, we simulated more Neyman-Scott-

based landscapes than uniform landscapes. 

 370 

For each of the first two scenarios, we simulated 38,100 landscapes, of which 37,000 were 

generated by the Neyman-Scott process and the other 1,100 by algorithms based on uniform 

distributions. For Scenario 3, we simulated 117,000 landscapes, of which 111,000 were 

generated by Neyman-Scott processes and the other 6,000 by algorithms based on uniform 

laws. From this set of landscapes, we extracted a sub-set (n=22,356) of landscapes having a 375 
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constant proportion of mowing identical to that observed on the study site (39%; Sabatier 

Kerneïs and Tichit 2008). 

 

Each simulated landscape was characterized by two indices: the proportion of different 

management regimes (p(PG), p(EG), p(M)), and an index of landscape structure IS 380 

representing the total number of interfaces between fields with different management regimes 

(Queen’s adjacency):  
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u
u ,  ik uu 1  is the characteristic function related to the event  ik uu   that takes 

the value 1 if uk≠ui and 0 if uk=ui. 385 

For each landscape, the model calculates an ecological performance indicator, which is equal 

to the adult Lapwing population at time horizon Nad(T). In the landscape composed of three 

land uses, the agricultural performance is obtained with a grazed-grassland production index P 

that corresponds to the number of days for which cattle feed is provided by grasslands. The 

higher this index is, the greater the forage production of the landscape will be. It is expressed 390 

in livestock units.days per ha grazed pastures (LU.days/ha): 
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where L’ is the subset of grazed fields in the landscape, and SL’ is the surface area of the 

landscape. The proportion of mowed pasture being kept constant, this index only focuses on 

the grazed biomass. A property of this index is that it is a linear function of p(EG) since it can 395 

also be written as follows: 

  PGEGPG PerfPerfEGpPerfP         (12) 
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with PerfPG and Perf EG the number of days for which cattle feed is provided by grasslands in 

land uses PG and EG. 

 400 

3. Results 

3.1 Dynamics at the field scale 

The first three series of field-scale dynamics illustrate the different dynamics in a 

homogeneous spatial context.   

Fields managed with productive grazing (Figure 4.a) were characterized by a high cattle 405 

density in April leading to suitable grass height in May. This led to both low fecundity and 

high juvenile survival. Therefore, juveniles becoming adults promoted a slight increase in the 

adult population in the summer. However, this was not sufficient to compensate for the adult 

mortality occurring in winter, and the overall effect of this management regime was a 

decrease in the Lapwing population. 410 

In fields managed with ecological grazing (Figure 4.b), grazing intensity in April was 

constrained to ensure suitable grass heights with limited nest trampling. Therefore, fecundity 

was moderate, while survival was high. This led to an increase in the adult population in 

summer that was sufficient to maintain the adult population over the year. 

Mowed fields (Figure 4.c) were not grazed in April, and grass height was thus very high in 415 

May. Fecundity was thus at its maximum, but juvenile survival was very low. Almost no 

juveniles became adults, which led to an overall decrease in the Lapwing population. 

The fourth series of field-scale dynamics (Figure 4.d) illustrates the mechanism of 

complementation. Even if the field managed with productive grazing led to low fecundity, it 

benefited from the high fecundity in the surrounding mowed fields. Juveniles born in the 420 

surrounding fields migrated to the attractive productive pasture (with short grass height), and 
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thus a high number of juveniles became adults. Overall, we observed an important increase in 

the Lapwing population. 
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Figure 4. (legend on page 22) 



22 

 

L
a
p
w

in
g
 d

e
n
s
it
y

c. Mowed field surrounded by 

mowed fields

Time (months)

C
a
tt

le
 d

e
n
s
it
y

G
ra

s
s
 h

e
ig

h
t

Time (months)Time (months)
M

o
w

in
g

 

L
a
p

w
in

g
 d

e
n

s
it
y

d. Productive grazing surrounded by 

mowed fields

Time (months)

C
a
tt

le
 d

e
n

s
it
y

G
ra

s
s
 h

e
ig

h
t

Time (months)Time (months)
 

Figure 4. Dynamics at the field scale in a focus field (hatched field) surrounded by eight neighboring fields. 430 
Figures a, b, and c correspond to a homogeneous surrounding, and Figure d corresponds to a heterogeneous 
surrounding illustrating complementation. Each figure is composed of a map of the field and its neighborhood 
and three graphs illustrating the main dynamics occurring in the focus field (cattle density, grass height, and 
Lapwing population). In the map, light grey squares correspond to mowing (M), dark grey squares to productive 
grazing (PG), and white squares to ecological grazing (EG). 435 
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3.2 Dynamics at the landscape scale 

3.2.1 Landscapes with two complementary management regimes (Scenario 1) 440 

Figure 4 shows the Lapwing population size in a large number of landscapes with different 

structures and land-use proportions. Our simulations showed a non-monotonous effect of the 

proportion of mowing on Lapwing population sizes (Figure 5.a). The best population sizes 

were obtained with intermediate mowing proportions, fitting the humped shape of the 

theoretical graph in Figure 1.a. However, the asymmetric pattern reflected the result that 445 

landscapes composed only of productive grazing were better for Lapwings than landscapes 

with mowing only. For a given mowing proportion (60% in the example in Figure 5), we 

found variation in the range of population sizes, especially for the intermediate mowing 

proportions. These landscapes were then plotted according to their structure (Figure 5.b). The 

variability in population sizes that could not be explained by the proportions of management 450 

regimes was then clearly explained by the landscape structure (linear regression, p<0.001, 

R
2
=0.84). High levels of structure indices, and hence high complexity in the spatial 

arrangements of management regimes, favored the Lapwing populations. This result 

illustrates the importance of interfaces between the different management regimes offering 

complementary habitats for Lapwings, and therefore confirms the hypothesis associated with 455 

the first pair of management regimes; where over and above the proportions of different 

management regimes, the landscape structure was an important determinant of Lapwing 

populations in landscapes composed of complementary habitats.    

 

3.2.2 Landscapes with two compensatory management regimes (Scenario 2) 460 

Figure 5.c shows Lapwing population sizes in a large number of landscapes with different 

structures and proportions of management regimes. There was a negative linear relationship 

between the proportion of productive grazing and the population size (linear model, p<0.001, 
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R
2
=1). For a constant proportion of management regimes (60% of productive grazing in the 

example in Figure 5.c and d), the landscape structure had no effect on the population sizes 465 

(Figure 5.d). By illustrating that without complementation between management regimes the 

landscape structure had no effect on ecological performance, these results support Hypothesis 

1. 

 

Landscapes with three management regimes mixing compensatory and complementary 470 

mechanisms (Scenario 3) 

Figure 5e shows the Lapwing population size in a large number of landscapes with different 

structures and proportions of management regimes. In these landscapes, a strong trade-off 

existed between agricultural performance and ecological performance (Figure 5.e). 

Landscapes with the highest levels of grazed-grassland production had the lowest Lapwing 475 

population sizes and vice versa, and the correlation between grazed-grassland production and 

population sizes was strong (linear model, p<0.001, R
2
=0.11). As the grazed-grassland 

production was a linear function of the PG/EG ratio, the PG/EG ratio was logically negatively 

correlated with ecological performance. There was nevertheless a large part of the variance 

that was not explained by the proportions of different management regimes. These landscapes 480 

where then plotted according to their structure (Figure 5.f). For a constant proportion of 

ecological grazing (e.g., 10%±1% in the example in Figure 5.f), this residual variance was 

well explained by the landscape structure (linear model, p<0.001, R
2
=0.76). For a given 

landscape composition, and thus a constant level of agricultural performance, an increase in 

the complexity of the spatial arrangement of the management regimes was a way of 485 

improving its ecological performance without losing on the agricultural dimension. This result 

confirms Hypothesis 2. 
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 490 

 

 
Figure 5 Effect of the proportions of different management regimes and landscape structure on the Lapwing 
population size in three grassland-landscape scenarios; each dot corresponds to a different landscape. Panels a 
and b correspond to landscapes made of two complementary management regimes (Scenario 1), the 495 
landscapes in grey are composed of 60% (±1%) mowing (M). Panels c and d correspond to landscapes made of 
two compensatory management regimes (Scenario 2), the landscapes in grey are composed of 60% (±1%) 
productive grazing (PG). Panels e and f represent landscapes with three management regimes (Scenario 3), 
mowing proportion is set to 39% (±1%), the landscapes in grey are composed of 10% (±1%) ecological pasture 
(EG). The grazed-grassland production index (expressed in livestock units.days/ha) represents agricultural 500 
performance and is a linear function of the PG/EG ratio. The structure index corresponds to the total number of 
interfaces between fields with different management regimes (including the corners). 

a. b. 

c. d. 

e. f. 



26 

 

4. Discussion 

The aim of the model was not to give accurate quantitative predictions. The simulated outputs 

must first be interpreted qualitatively, not as exact predictions, showing trends and 505 

recognizable patterns and providing references for testing the hypotheses. Our results 

confirmed that the proportions of fields managed with different management regimes strongly 

determined the trade-offs between herbage production and Lapwing population size in the 

grassland agro-landscapes. Along with the proportions of different management regimes, 

modifying their spatial arrangement could improve the trade-off between agricultural and 510 

ecological performances by facilitating mechanisms of complementation between 

management regimes.  

 

4.1 Toward a predictive model 

Even though we tried to reflect the case study as much as possible, several aspects limit its use 515 

as a predictive tool, and further work would be needed to improve it in that direction. 

 

By considering the total population size, we used one of the simplest indicators of ecological 

performance. In the field, such an indicator is often misleading. A high population size does 

not necessarily mean a healthy population, because many mechanisms; linked, for example, to 520 

the social behavior of the considered species, environmental stochasticity, or meta-population 

dynamics; may impact local population sizes, leading to high local abundance even with a 

declining population at the regional scale (Van Horn 1983). However, in our model, which 

focused on the effects of farming on Lapwing dynamics, these mechanisms were not taken 

into account, and more complex indicators would not have improved the quality of the 525 

outputs. We therefore cannot conclude that high levels of heterogeneity would lead to viable 

populations; but we can say that, all other things being equal, populations are expected to be 
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larger in landscapes with more structural heterogeneity favoring mechanisms of 

complementation. To more accurately predict population sizes, our model should integrate 

significant factors for the Lapwings such as field wetness (Durant et al. 2008a) and larger-530 

scale meta-population dynamics. 

 

In this study, we only considered a few contrasting management regimes. Due to the structure 

of our model, in particular the state-control modeling of the grassland dynamics and its links 

to Lapwing population dynamics, it would be feasible to simulate landscapes composed of 535 

more complex associations of management regimes and/or a larger number of management 

regimes. For instance, it would be possible to use the current relative proportions of 

management regimes in our study area as input data or to simulate management regimes 

favorable to other bird species. A species such as the Common Redshank (Tringa totanus), 

commonly nesting in our study area, would be a good candidate. In other European areas, the 540 

Black-Tailed Godwit, already targeted by the mosaic-management agri-environment schemes 

in the Netherlands (Schekkerman et al. 2008), could also be a species of particular interest. 

 

Applying our model to the assessment of other landscapes where the landscape structure is not 

as simple as that of the Marais Poitevin (high geometric regularity of the landscape shaped by 545 

rills and canals) would require some methodological considerations. First, the size and shape 

of the fields could not be treated in such a simple way. A solution could be to increase the 

resolution of the landscape and/or to change the shape of the pixels. Second, the heterogeneity 

index would raise problems if used in its current state. Instead of simply counting the 

interfaces, an alternative index could be based on the proportions of complementary 550 

management regimes within a circle corresponding to the home range of the juvenile.  
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In this study, we only focused on the levels of heterogeneity favorable to a bird species, but 

another question is which spatial arrangement can be attained by farming systems. Agro-

landscapes consist of several interacting farms; and in each farm, the spatial arrangement of 555 

land uses and management regimes stems from the interactions among the farmer’s strategic 

objectives (Coleno and Duru 1998), the physical constraints of the fields (Morlon and Benoit 

1990), and environmental variations (e.g., market price and climate). Not all landscape 

structures are realistic from an agronomic point of view, and farm-scale constraints should be 

integrated in the model to reflect the set of realistic landscapes. In our study area, they mainly 560 

reflect the physical constraints of the farm (Havet et al. 2005): the distance from a field to the 

main building of the farm, field wetness, the presence of rills and canals, etc. Including these 

constraints in the model would imply the explicit formalization of the farm territories as well 

as the linear elements of the landscape (canals, rills, and roads) and soil characteristics. 

 565 

Finally, no validation of the model was conducted. The validation of this type of multi-scale 

model would require monitoring data on Lapwing survival and fecundity and farming 

practices on a landscape scale. The spatial unit would have to be the field, and the temporal 

unit 1 month, with a sufficiently long timeline to avoid effects linked to climate variability. It 

would therefore be costly to obtain such data. A full validation of the model seems quite 570 

difficult to obtain. Partial validation of the different modules of the model, based on available 

data and expert knowledge, would be a more cost-effective option.  

 

4.2 Managing landscape heterogeneity 

Our results illustrate the importance of the structure of landscapes for reconciling agricultural 575 

and ecological performances in agro-landscapes. In this respect, they are consistent with 

recent studies in landscape ecology (Benton et al. 2003, Groot et al. 2010, Haslem and Bennet 
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2008). These studies generally highlight the heterogeneity of landscapes as a factor promoting 

the diversity of available habitats and thus allowing for an increase in species richness. By 

drawing on the case of complementary habitats, we have shown, additionally, that apart from 580 

relations of the “one species = one habitat” type, it was possible to preserve species by means 

of a set of interacting sub-optimal habitats. Each habitat provides some of the resources 

needed, and mobility between habitats enables a species to obtain all of the resources that it 

needs. These mechanisms have often been put forward to explain the role of intra-field 

heterogeneity in the cases of birds (Durant et al. 2008a; Arlettaz et al. 2009) and arthropods 585 

(Dennis et al. 1998). However, at the inter-field level, few studies have examined 

complementation mechanisms. These mechanisms are mentioned by Benton et al. (2003), 

who highlight the importance of the proximity of sources of food for nidifugous birds. They 

were also the main subjects of the work of Brotons et al. (2005), who statistically tested these 

mechanisms in the case of grassland birds.  590 

As agro-ecosystems have undergone profound change, the habitats that they offer are often 

only partially favorable to those species that thrive in agro-landscapes. In this context, by 

favoring mechanisms of complementation, an increase in the complexity of spatial structure 

could be a way of compensating for partial losses of resources in the various habitats affected 

by agricultural intensification. The question that then arises concerns the scale on which this 595 

heterogeneity should be considered (intra- or inter-field). The relevant scale depends heavily 

on the species under consideration and its capacity for mobility. However, to date, very few 

researchers have focused on both intra- and inter-field heterogeneity (although one example is 

Smith et al 2004). 

 600 

Working on larger spatial scales means bringing together several actors to implement wildlife-

friendly management. Territorial management schemes, such as the mosaic management in 
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the Netherlands (Schekkerman et al. 2008), are a way of generating levels of heterogeneity in 

agro-landscapes that are favorable to biodiversity. Today, the coordination tools developed 

under this measure have paved a promising way for facilitating synergies among farms 605 

(Melman 2010). In practice, however, the generalization of such measures raises questions 

concerning collective management. Several examples of successful collective management 

have been studied (Hannachi and Coleno 2012) in situations where farmers have a common 

interest. However, the question remains as to whether farmers would organize themselves on 

biodiversity issues where the existence of a common interest is not straightforward. The 610 

example of the Corn Crake (Crex crex) management in the lower Angevin valley of France 

shows that biodiversity issues can federate farmers as soon as they acquire the status of 

experts (Le Guen and Sigwalt 1999) and biodiversity becomes a way of labeling agricultural 

products (Billaudeau and Thareau 2008; Cavrois 2009). Institutional innovations such as the 

Dutch environmental cooperatives (Renting and Ploeg 2001) could be a good way of 615 

revealing common interests related to biodiversity. In such a context, models like ours can be 

used as catalysts of collective management because they provide tools to construct a shared 

point of view among the different stakeholders.  

  

5. Conclusion 620 

Based on a large number of simulated landscapes, our results show that an increase in the 

complexity of the structure of agro-landscapes is expected to favor the Lapwing population by 

enhancing mechanisms of complementation among habitats. Playing on the spatial 

arrangement of management regimes therefore seems to be an effective means of offsetting 

trade-offs between production and ecological performances in agro-landscapes. As many 625 

obstacles still hinder the introduction of schemes to generate levels of heterogeneity that are 
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favorable to biodiversity, considerable efforts would have to be made to develop tools for 

coordinating different actors’ efforts. 
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