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Abstract 

The consequences of additional mortality of birds from collisions with a rapidly increasing number of 
wind turbines are receiving much attention worldwide. Currently, threshold assessments for an 
acceptable impact on populations are commonly used to evaluate the expected effect of wind turbines 
on local bird populations. These provide a seemingly clear-cut method for establishing whether 
damage to the integrity of a population will or will not occur, but questions have recently been raised 
as to the validity of their use.  
 
In this paper we examine whether two widely used threshold methods for evaluating the impact of 
extra mortality on bird populations, the 1% mortality norm and Potential Biological Removal PBR, have 
general applicability, or whether they should be used more cautiously. The 1% mortality norm is 
based upon the assumption that any additional mortality lower than 1% of the natural mortality has a 
negligible impact on a population, while the Potential Biological Removal or PBR method is used to 
estimate the loss of individuals from which a population can still recover. To evaluate the impact of 
additional mortality resulting from wind turbine collision on bird populations, we model the 
consequence of an increase in mortality rates on populations assumed to be regulated by logistic 
growth. We use the logistic growth equation to test how the population persistence of a species may 
be affected by different levels of additional mortality; and use case studies of existing, declining 
populations of Common Tern and Marsh Harrier in the Netherlands to determine how the effect of 
collision mortality operates to influence their population persistence. To examine the impact of 
additional mortality, we introduce a novel measure, the “Population Persistence Index” or PPI to 
describe the population persistence and changes therein following increased mortality. The PPI 
integrates the population growth at various densities - it is determined by the maximum population 
growth rate at small population size - and the carrying capacity, the population size where recruitment 
equals mortality. 
 
Our results show that the PPI can be very sensitive to additional mortality, especially in populations in 
which the mortality approaches the maximum recruitment. We found that a 1% increase in mortality 
rates of all post-fledging age classes from wind turbine strike lead to a c. 7-15% decrease in 
population persistence for Dutch populations of Marsh Harrier and Common Tern, which should not be 
considered negligible. Strong effects of additional mortality on PPI are also evident using the PBR. We 
show that for the PBR, the proportional change in PPI is independent of r and K and depends only on 
the so-called recovery factor Fr. When this recovery factor Fr=1 (generally used for populations that 
show sustained growth near carrying capacity), additional mortality results in an 87.5% reduction of 
the PPI according to the PBR, and in a 58% reduction when Fr=0.5 (used for populations with 
protracted gradual decline). For the PBR of Common Tern a 58% reduction of the PPI was estimated, 
and for Marsh Harrier population a 14% reduction of the PPI at their estimated Fr values, compared to 
the population not exposed to additional mortality.  
 
We show that the use of the ‘1% mortality criterion’ and the Potential Biological Removal (PBR) 
method, currently often used in Appropriate Assessments across species in most E.U. countries with 
rapidly growing wind industry, strongly underestimate the impact of additional mortality on species for 
which at low population density the recruitment rate is almost equal to the mortality rate. 
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Samenvatting 

De gevolgen van de extra sterfte van vogels door botsingen met het snel toenemende aantal 
windturbines krijgen wereldwijd veel aandacht. Momenteel worden assessments die gebruik maken 
van een drempelwaarde algemeen gebruikt om het verwachte effect van windturbines op lokale 
vogelpopulaties te evalueren. Deze bieden een ogenschijnlijk veilige methode om vast te stellen of de 
staat van instandhouding van een populatie al dan niet negatief beïnvloed wordt, maar onlangs zijn er 
vragen gerezen over de validiteit van het gebruik van deze drempelwaarden. 
 
In dit artikel gaan we na of de twee veel gebruikte methoden op basis van drempelwaarden om de 
gevolgen van de extra sterfte op vogelpopulaties te evalueren, de 1% extra sterfte norm en “Potential 
Biological Removal” PBR, algemene toepasbaarheid hebben, of dat ze voorzichtiger moeten worden 
gebruikt. Om het effect van extra sterfte als gevolg van aanvaring met een windturbine op 
vogelpopulaties te evalueren, modelleren we het gevolg van een toename in de sterfteparameters op 
de populatie. Hierbij veronderstellen we dat deze gereguleerd wordt door logistische groei. We 
gebruiken de logistische groeiformule om te testen hoe het voortbestaan van populaties van een soort 
kan worden beïnvloed door een verschillende mate van additionele sterfte; en om het effect van de 
extra sterfte te onderzoeken, introduceren we een nieuwe maat, de “Population Persistence Index” 
(populatie persistentie index) of PPI. Dit is een maat om het voortbestaan van populaties en de 
veranderingen daarin na verhoogde mortaliteit te beschrijven. De PPI integreert de groei van de 
populatie bij verschillende dichtheden c.q. populatieomvang en wordt bepaald door het groeipotentieel 
bij lage dichtheden en de draagkracht van het leefgebied. Draagkracht kan worden opgevat als die 
grootte van de populatie, waarbij de aanwas en sterfte in evenwicht zijn. De PPI kan zo gezien worden 
als een buffer tegen uitsterven. Deze buffer is sterk afhankelijk van de grootte van de 
evenwichtspopulatie. We kijken echter niet naar de PPI zelf, maar naar veranderingen in de PPI. 
 
Onze resultaten tonen aan dat de verandering van PPI zeer gevoelig kan zijn voor extra sterfte, vooral 
in populaties waarbij de mortaliteit de maximale recruitment (aanwas) benadert. We vonden dat een 
toename van de mortaliteit met 1% van alle leeftijdsklassen leidt tot een c. 7-15% daling van de PPI 
voor de Nederlandse populatie van Bruine Kiekendief en Visdief. Een afname die volgens ons niet als 
verwaarloosbaar kan worden beschouwd. We laten zien dat voor het jaarlijkse toegestane verlies van 
individuen zoals geschat door de PBR, de proportionele verandering in PPI onafhankelijk is van de 
populatiegroeisnelheid en de populatieomvang en alleen afhankelijk is van de “recovery factor” Fr. 
Wanneer deze factor Fr = 1 (zoals gebruikt voor gezonde, groeiende populaties), leidt extra sterfte ter 
grootte van de PBR tot een 87.5% verlaging van de PPI, en wanneer Fr = 0.5 (voor geleidelijk 
afnemende populaties) tot een 58% verlaging. Voor de PBR die gebruikt wordt voor de Visdief wordt 
een 58% reductie van de PPI geschat, en voor Bruine Kiekendief een vermindering van 14% van de 
PPI bij de gebruikte Fr waarden, ten opzichte van de waarden van een populatie die niet is 
blootgesteld aan extra mortaliteit. 
 
We tonen aan dat het gebruik van het “1% sterfte criterium” en de Potential Biologal Removal (PBR) 
methode, zoals momenteel vaak voor alle soorten in de meeste E.U. landen gebruikt worden in 
passende beoordelingen, kan leiden tot ernstige onderschatting van de gevolgen van extra sterfte als 
gevolg van de snel groeiende windindustrie, vooral bij soorten en populaties waarbij de maximale 
potentiële aanwas (recruitment) niet veel hoger is dan de natuurlijke sterfte. 
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1 Introduction 

Birds frequently experience additional mortality due to collision with man-made structures, such as wind 
turbines, communication masts, tall buildings, lighthouses, windows, power lines, and fences (Erickson 
et al. 2005, Drewitt & Langston 2008). Despite such collision mortality, which can take substantial tolls 
on populations in some circumstances (Klem et al. 2004, Drewitt & Langston 2008), many species 
maintain high population levels, while other species decline. In general, the consequences of any source 
of mortality for a bird population depend on its ability to compensate for increases in mortality rates 
through density-dependent effects (Newton 1998, Liley & Sutherland 2007). Common species and 
migrant passerines, which may die in large numbers from collision mortality (e.g. window strikes; Klem 
1990) are usually able to respond relatively quickly to population fluctuations (Faanes 1987) and are 
thus more likely to compensate for losses as a result of collisions. For example, although millions of birds 
are killed annually by collisions with manmade structures in the U.S., this source of mortality does not 
seem to have a discernible effect on long-term population trends of migratory landbirds, many of which 
are passerines (Arnold & Zink 2011). Indeed, if bird populations are ultimately limited by habitat 
availability (Rappole & McDonald 1994), collision mortality will be largely compensatory to natural 
sources of mortality. In such situations, the loss of any individual may be compensated by the increased 
fitness of the remainder of individuals in the population through a per capita increase of the average 
territory quality (e.g. Matthyssen 1990), food availability (e.g. Martin 1987), or a decrease of density-
dependent predation pressure (Newton 1993, Sinclair & Pech 1996). However, ecological traps created 
by anthropogenic change may limit such compensatory responses to additional mortality (Gilroy & 
Sutherland 2007), while increased predation pressure on a smaller population may trigger a decline 
greater than the cumulative loss from anthropogenic mortality (Sinclair & Pech 1996, Courchamp et al. 
1999). Also, long-lived species, with a low reproductive rate are likely to be more sensitive to changes in 
adult mortality and less able to compensate by increasing productivity (Sæther & Bakke 2000), which 
explains why even low collision rates have contributed to population declines or demographic changes in 
various long-lived species (e.g. Crivelli et al. 1988, Hunt & Hunt 2006). Demographic models imply that 
in the face of this additional mortality, stable populations of such species may only be maintained by 
immigration, suggesting that wind farms may effectively operate as ecological sinks. For example, the 
maintenance of a Golden Eagle breeding population in the Altamont Pass wind farm is dependent on 
immigration (Hunt & Hunt 2006, Katzner et al. 2016), whereas in other affected raptor populations 
neither new recruits nor floaters seem to fill up deserted territories, leading to population decline in and 
around wind farms (Dahl et al. 2012). 
 
Currently, the consequences of additional mortality of birds from collisions with a rapidly increasing 
number of wind turbines is receiving much attention worldwide (Marques et al. 2014, Schuster et al. 
2015). Wind turbine collisions have proven to be a potential hazard to bird population persistence, with 
potentially important negative, cumulative effects from additional mortality caused by multiple 
windfarms (Drewitt & Langston 2006, Carrete et al. 2009, Bellebaum et al. 2013). Long-lived species 
with relatively low reproductive rates may experience significant collision mortality throughout the 
annual cycle from wind installations, leading to a decrease in adult survival which has contributed to 
population declines (Barrios & Rodriguez 2004, Smallwood & Thelander 2008, Carrete et al. 2009, Dahl 
et al. 2012, Martínez-Abrain et al. 2012). Given the reported impacts of wind turbines on bird 
populations and rapidly expanding wind energy in the E.U., scientific assessments that evaluate the 
impacts of wind farms on bird populations are under increasing scrutiny (Green et al. 2016). Such 
assessments are needed to comply with the protection measures and the precautionary principle 
enshrined in the EU Birds and Habitats Directives (Directive 2009/147/EC and Council Directive 
92/43/EEC), which together dictate that populations of naturally occurring wild bird species present in 
the EU are maintained or restored at a level which will ensure their long-term survival and so-called 
“favourable conservation status”. The latter is central to the EC Habitats Directive and defined as the 
conservation status when “population dynamics data on the species concerned indicate that it is 
maintaining itself on a long-term basis as a viable component of its natural habitats, and the natural 
range of the species is neither being reduced for the foreseeable future, and there is, and will probably 
continue to be, a sufficiently large habitat to maintain its populations on a long-term basis.” Apart from 
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general species protection, endangered species are protected in “Special Protection Areas” (SPA’s or 
Natura 2000 sites): key conservation areas for which plans are developed and implemented to maintain 
specified population targets at the site level. Developments possibly harming these goals, such as wind 
parks, have to undergo a step-by-step Appropriate Assessment procedure and, where necessary, apply 
the relevant safeguards for the species and habitat types of community interest. The two Directives also 
require that Member States protect species of community interest throughout their natural range within 
the E.U.; thus, any wind farm development must also take account of its potential impacts on species of 
community interest (those covered by the two Directives) outside SPA’s.  
 
The general system of protection in the E.U. prohibits deliberate killing or capture and deliberate 
disturbance, which according to jurisprudence, is the case if birds are killed as a result of collision with 
wind turbines (Sateleer 2013). However, Member States may derogate from the provisions on species 
“to permit, under strictly supervised conditions and on a selective basis, the capture, keeping or other 
judicious use of certain birds in small numbers” (art. 9(1)(c)). The threshold below which the derogation 
is automatically considered as meeting the requirements of the notion of ‘small numbers’ is currently set 
at 1% of the overall annual natural mortality in the relevant bio-geographical population. This derogation 
is the origin of the so-called ‘1% mortality criterion’ as developed by the ORNIS-committee (European 
Commission 2013). This criterion is said to meet the condition of a negligible effect on the population 
dynamics of the species concerned because the parameters of population dynamics are seldom known to 
within less than 1% point accuracy.  
 
In addition to the 1% norm, other methods including the Potential Biological Removal (PBR) method are 
used to define the level of sustainable mortality, or “harvest”, from which a population still can recover 
(Wade 1998), thus identifying a threshold level of additional mortality above which a decline of the 
affected population to eventual extinction would be likely (Niel & Lebreton 2005). Potential biological 
removal provides thresholds of additional mortality that are sensitive to assumptions made about 
density-dependent effects on the population, which are often unknown. As a result, the PBR threshold for 
any population is generally multiplied by a so-called ‘recovery factor’, which is often based upon expert 
judgement, to provide a safety margin of acceptable additional mortality (Dillingham & Fletcher 2008).  
 
The thresholds for an acceptable impact commonly used to evaluate the expected effect of wind turbines 
on local bird populations are convenient to decision makers because they offer an apparently science-
based and clear-cut method to establish whether damage to the integrity of a designated site will or will 
not occur. These threshold mortality standards are being used across species in most E.U. countries with 
rapidly growing wind industry, but questions have recently been raised as to the validity of their use 
(Green et al. 2016, Horswill et al. 2016). Such questions refer to the uncertainty of the used threshold 
assessments on populations with different population dynamic characteristics and species vulnerability to 
additional mortality, as well as the cumulative impacts of wind turbine collision on population 
developments.  
 
In this paper we investigate how bird species or species groups may be affected by additional mortality 
and lower recruitment rates (due to higher mortality of younger cohorts in the population) caused by 
collisions with wind turbines, depending on their population dynamics. We examine whether two widely 
used threshold methods for evaluating the impact of extra mortality on bird populations, the 1% 
mortality norm and PBR, have general applicability, or whether they should be used more cautiously 
because species differ in traits and vulnerability to additional mortality. To evaluate the impact of 
additional mortality and reduced recruitment as a result of wind turbine collision on bird populations, we 
model the consequence of an increase in mortality on a population assumed to be regulated by logistic 
growth. We use the logistic growth equation to test how the population persistence of a species may be 
affected by different levels of additional mortality, introducing a novel measure which we term 
“Population Persistence Index” or PPI to describe relative changes in population persistence. The PPI 
refers to the strength of a population to withstand increased mortality and integrates both the growth 
rate at near-zero population size and its carrying capacity. We use the term to describe the population 
persistence, which relates to its favourable conservation status, and changes therein following increased 
mortality and decreased recruitment.  
 
Finally, we evaluate the use of mortality thresholds on existing, declining populations of Common Tern 
and Marsh Harrier in the Netherlands, to determine how the effect of collision operates to influence their 
population persistence.  
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2 Material and Methods 

2.1 The Logistic Growth Model 

A variety of tools exists for environmental impact assessment on populations. A common tool is 
population viability analysis (PVA) for assessing the change in population extinction probability or mean 
time to extinction (Boyce 1992, Beissinger et al. 2002). Population viability analysis, however, tends to 
be highly species-specific, needs lots of specific parameters and knowledge about species, usually taking 
into account e.g. demographic stochasticity, environmental stochasticity, and/or genetic stochasticity, 
and the results are not easily generalizable or transferable to other species. Population viability depends 
mainly upon the population size, the concept of Minimum Viable Population is often used to describe the 
population size with a certain, small extinction risk (Flather et al. 2011, Traill et al. 2007). Matrix models 
are another tool (Caswell 2001). They use state (e.g. age or size)-specific survival and reproduction 
probabilities and indicate whether populations are projected to increase or decline. Matrix models can be 
used to predict population resilience, the rate at which populations are expected to return to their 
equilibrium state after disturbance. However, matrix models are often only suitable for calculating quasi-
extinction probabilities of declining populations as the density-dependent behaviour of small populations 
and populations near carrying capacity is usually not taken into account. 
 
We opted to use a generic model, the logistic growth model, and the PPI as outcome, because the PPI 
combines the population growth rate impact (safety from positive potential growth rate) and the 
population size impact (safety in numbers), while presenting an alternative measure of population 
persistence. This approach is closely related to an evaluation of population extinction risk, but more 
straightforward to assess than a conventional PVA, while the results are generalizable to a variety of 
species. 
 
We use the logistic growth equation (Verhulst 1977) to test how the population persistence of a 
species may be affected by different levels of additional mortality. We simply assume a small increase 
in mortality, above the existing ‘natural’ mortality, i.e. the mortality from other factors that was 
already present year-round in the environment of the population. Also, we assume no effect of habitat 
loss or habitat degeneration as a result of anthropogenic land use, or the potential ecological traps 
these could generate for birds, possibly leading to suboptimal productivity or survival at low 
population numbers in seemingly optimal habitat (i.e. when resources are not limiting the population).  
 
We use the term “Population Persistence Index” (hereafter: PPI) to describe the population persistence 
and changes therein following increased mortality and decreased recruitment. The PPI refers to the 
area under the logistic growth curve from N=0 to N=K (Figure 1). If PPI is large this indicates a 
relatively stable population with low extinction probability, and vice versa. The PPI thus integrates the 
population growth at various densities; it is determined by the growth rate at zero population size and 
the carrying capacity, the population size where recruitment equals mortality (Figure 1). To assess 
impact of additional mortality we will evaluate the effect of additional mortality on the PPI. The logistic 
growth model is a widely used model to describe the dynamics of populations. This model is a 
continuous time model and is described by the differential equation: 
 

d𝑁𝑁
d𝑡𝑡 = 𝑟𝑟𝑟𝑟 �1 −

𝑁𝑁
𝐾𝐾
�                                        (1) 

 
In which N is the number of adult females, r is the relative population growth rate at low densities 
(where resources are not limiting due to the presence of conspecifics) and K the carrying capacity of 
the population, i.e. the equilibrium state where population change is zero – in a simplified 
environment with constant parameters. When N approaches zero, the population growth rate dN/dt 
approaches rN which leads to exponential growth; at N near carrying capacity K, the population 
growth rate approaches 0 which leads to a stable population of size K. Between zero and population 
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size K, populations tend to grow (dN/dt > 0), whereas when population size > K, populations tend to 
decrease because of limited resources (Figure 1). 
 
In order to assess the impact of additional mortality, we modify the logistic growth equation into the 
simplest equation with explicit mortality and recruitment, assuming the per capita mortality to be 
density-independent whereas the per capita recruitment is density-dependent. So the resulting 
density-dependence in the logistic growth equation is assumed to be caused only by density-
dependent recruitment. This is plausible because at high densities any limiting resources are more 
likely to lower the per capita breeding success and juvenile survival than the survival of adults 
(Newton 1998). This can be summarized by the following equation (Figure 1): 
 

d𝑁𝑁
d𝑡𝑡 = (𝑟𝑟 + 𝑚𝑚)𝑁𝑁 �1 −

𝑁𝑁
𝐾𝐾′� −𝑚𝑚𝑚𝑚               (2) 

 
Here m is the annual mortality of adults and K’ the density where the recruitment is zero which can be 
calculated by solving equation 2 for dN/dt=0 to assess K: 
 

𝐾𝐾′ =
𝐾𝐾

�1 − 𝑚𝑚
(𝑚𝑚 + 𝑟𝑟)�

                                      (3) 

 
 

 

Figure 1 The logistic population growth rate equation (Equation 1) for a population with an 
equilibrium size K of 100. At low population size, population growth rate increases with population size, 
then starts to decline as resources become limiting and reaches zero at population size 100. Above this 
equilibrium, population growth rate becomes negative, i.e. the population declines. The green 
(recruitment) and red (mortality) lines illustrate the recruitment and mortality components of the model. 
Mortality is assumed density-independent and increases linearly with population size, whereas 
recruitment increases at low population size and decreases for large population size. Note that the blue 
line is derived by subtracting the green and red lines; the equilibrium point where the logistic growth is 
zero coincides with the point where recruitment equals mortality. While population growth rate can be 
either positive (increase) or negative (decrease), recruitment and mortality are always positive or zero. 

 
 
Populations with a positive r and K persist when confronted with a disturbance that lowers the 
population size, such as wind turbine collision. Under such conditions, the population growth rate 
dN/dt will increase with a decrease of the population size (Figure 1). The difference between 
recruitment and mortality is a measure of this persistence: the greater the recruitment than the 
mortality, i.e. the more space between the lines, the better the recovery potential of the population 
will be. Although the recruitment and mortality are separated, the model properties follow precisely 
the widely used logistic growth equation (Figure 2). This feature enables us to easily assess the effect 
of a mortality increase on the area under the curve, the measure for population persistence PPI.  
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Figure 2 Expanded logistic growth model with density-dependent recruitment. One model illustrates 
a population with recruitment rates that, at low population densities, are much higher than “natural” 
mortality rates (A,C; blue lines), the other model a population with the same recruitment rate but with a 
higher natural mortality rate (B,D; blue lines). We show the effect of a 10% increase in mortality and a 
10% decrease in recruitment in both situations (red lines), which make the intersection point of mortality 
and recruitment (the equilibrium population size K) shift to the left on the x-axis (blue horizontal versus 
red horizontal in A and B). In the robust population, the area under the growth curve (C), the Population 
Persistence Index (PPI), declines by 25% when mortality increases despite the fact that the equilibrium 
population size K decreases only by 10%. In the second model (D), higher mortality results in a 55% 
decline in PPI and a 23% decline in K. Thus the impact on the PPI and equilibrium density of a similar 
mortality increase is relatively larger in the population already confronted by a higher natural mortality 
(B, D) compared to the population with lower natural mortality (A, C). 

 

2.2 Effect of an increase in mortality on the Population 
Persistence Index 

We first explore the effect of a small mortality increase and recruitment decrease on PPI, the area 
under the dN/dt curve (population growth potential) and a measure of population persistence 
(Figure 3). We consider this area under the population growth curve to be an indicator for population 
persistence against extinction in the face of additional mortality, such as resulting from increased wind 
turbine strikes. The PPI integrates both the distance between the recruitment and mortality lines 
(recruitment minus mortality) and the distance of the equilibrium from zero. PPI can be calculated 
from r and K: 
 

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑟𝑟𝐾𝐾2

6
                                          (4) 

 
We define the PPI response (RPPI) due to a mortality increase as the percentage change in PPI: 
 

𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖
𝑃𝑃𝑃𝑃𝑃𝑃

− 1                                     (5) 
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PPIi = PPI at increased mortality. This response can be calculated from recruitment and mortality 
values (see Annex 1): 
 

𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 =
(𝑟𝑟1𝑖𝑖 − 𝑚𝑚𝑖𝑖)(1 −𝑚𝑚𝑖𝑖

𝑟𝑟1𝑖𝑖
)2

(𝑟𝑟1 − 𝑚𝑚)(1 −𝑚𝑚
𝑟𝑟1

)2
− 1       (6) 

 
In which r1 is the recruitment at low densities, m is adult mortality, r1i in the recruitment at low 
densities at increased mortality, mi is the increased mortality. So mi=m(1+i) and r1i=r1(1-i) and i is 
the percentage increase in mortality. We thus assume that the recruitment is affected to the same 
extent (i.e. by the same proportional reduction) as adult mortality. In reality, the consequences of a 
1% increase in adult mortality for recruitment may not be that straightforward. It seems fair to 
assume that an increased adult mortality corresponds with an increased juvenile mortality, although 
the relative vulnerability to collisions by different age classes is often unknown. Adult mortality may 
also lead to decreased breeding success when adults are killed and the nesting attempt fails. Since 
recruitment of breeding birds into the population consists of a reproduction term (i.e. number of 
fledglings) and a survival term (from fledging to age of first breeding) we decided to translate a 1% 
increase in adult mortality into a 1% decrease in recruitment. This is the case only when survival from 
fledgling to breeding adult is 0.5 and age of first breeding is one year; in such cases, 1% extra 
mortality equals 1% decreased survival – ignoring the consequences of the death of a parent bird. In 
all other situations the decrease in recruitment is not exactly the same as the increase in mortality –
extra parameters such as juvenile survival, number of fledglings, and age of first breeding are needed 
to calculate the exact decrease in recruitment. In any case, r1i can be estimated from population 
parameters and equation 6 to estimate the response RPPI. Note that the carrying capacity K is an 
important ingredient of the PPI but does not affect the PPI response. 
 
We analyse this response of PPI for various r1 and m values increasing the mortality and decreasing 
the recruitment by 0.5, 1, 2 and 5% to assess the impact of such increased mortality and decreased 
recruitment on population persistence. 
 
 

 

Figure 3 Illustrating the role of r, maximum population growth rate, and K, carrying capacity (or 
equilibrium size) on the Population Persistence Index PPI (area under the curve), for three healthy 
populations with the same PPI. The larger population with a higher K but a lower r has the same PPI, 
and thus persistence when confronted with additional mortality, as the smaller population with a 
smaller K but a higher r. 
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2.3 Assessing the effects of PBR on the Population 
Persistence Index 

De Potential Biological Removal is defined as (Wade 1998): 
 

𝑃𝑃𝑃𝑃𝑃𝑃 = 0.5 ∙ 𝑁𝑁 ∙ 𝑟𝑟 ∙ 𝐹𝐹𝑟𝑟                          (7) 
 
In which r=relative growth rate, N = population size, Fr = adjustment factor for population sensitivity 
(also termed a “recovery factor”; Wade 1998). Subtracting this “removal” from the logistic growth 
equation yields a new PPI curve (Figure 5A and Annex 2). If we define the response RPPI to be the 
relative PPI under PBR harvesting divided by the PPI without harvesting, we can calculate the 
response to be (Annex 2): 
 

𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃𝑢𝑢

= (1 − 0.5𝐹𝐹𝑟𝑟)3            (8) 

 
Note that Rppi, the proportional change in PPI, is independent of r and K and depends only on Fr. 

2.4 Effect of increased mortality - case studies 

We evaluate the impact of additional mortality through wind turbine strikes on populations of two 
vulnerable species in the Netherlands: the Common Tern in the Waddenzee and Ijsselmeer area, and 
Dutch population of Marsh Harrier. We used the available capture-mark-recapture data to estimate the 
mortality rate of adult Marsh Harriers (Annex 3), and used known mortality rates for Common Tern; 
mortality rates were assumed to be density-independent. The recruitment rate is strongly density-
dependent and therefore often lower than the maximum recruitment rate of a given population. Also, 
recruitment rates are inherently difficult to measure at near-zero population densities. We therefore 
approximated the maximum recruitment (for the case of no density effect of conspecifics) by using 
recruitment data obtained in years with relatively high breeding success, assuming that intraspecific 
competition is low during such years (e.g. because of superfluous food supply). We subsequently 
estimated the maximum recruitment rate to adulthood (r1) and the adult mortality rate (m), as well as 
the maximum recruitment rate at increased mortality (r1i) and the increased mortality (mi) after a 
hypothetical increase in mortality due to wind turbine strike, in a continuous time model. These 
estimates were substituted in equation (6) to assess the proportional response of the Population 
Persistence Index (PPI) to increased mortality after introduction of wind turbines. 

Common Tern 
Mortality rates for the Common Tern for the Waddenzee population, including the Northern part of 
IJsselmeer between 1991-2010 were derived from Van der Jeugd et al. (2014). The total Waddenzee 
and IJsselmeer population is estimated at 7,630 pairs (average population 2010-2014; Sovon 2016), 
constituting c. 40% of the Dutch breeding population of 20.000 pairs (Sovon 2016). Since the end of 
last century the breeding population and the non-breeding population of Common Tern declined by 
about 50% of its size in 1990 (Sovon 2016). The mean number of fledglings per pair was 0.67 in the 
Delfzijl area, where the reproductive rates are thought to be among the highest in the Netherlands 
(Brenninkmeijer and Klop 2015). We used the mean nest success in the three years with the highest 
nest success in this area to estimate the recruitment rate of a Common Tern population experiencing 
maximum population growth. 

Marsh Harrier 
Survival rates and mean reproductive success for the Dutch breeding population of Marsh Harrier were 
estimated for 1997-2015 using respectively ring recoveries available at Vogeltrekstation NIOO-KNAW 
and data on nest success at the Dutch Raptor Working Group (Annex 3 and 4). Annual survival of 
Marsh Harriers was analysed using live re-sightings and dead recoveries of 12.059 birds ringed as 
nestling between 1991 and 2016 and 74 birds ringed as ‘adult’ in the same period (due to low sample 
sizes, birds ringed in their first and second calendar year were lumped with older birds in the ‘adult’ 
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category). Nest success was estimated using data on 1914 nests, which were followed from the 
beginning to the end of the nest cycle, in the Netherlands between 1997 and 2015. Of these, we used 
the mean nest success in the three years with the highest nest success to estimate the recruitment 
rate of the Marsh Harrier population experiencing maximum population growth. 
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3 Results 

3.1 Impact of increased mortality and decreased 
recruitment on the Population Persistence Index 

The PPI is especially sensitive to additional mortality in populations in which the mortality approaches 
the maximum recruitment r1 (Figure 4). In theory a 100% decline in PPI can occur in such 
populations, meaning that there is a small area under the curve that disappears with increased 
mortality resulting in a declining population. The high sensitivity applies across the range of species 
where mortality approaches the maximum recruitment, and is similar for those with low recruitment 
rates and low mortality rates and those with high recruitment and high mortality rates. Species or 
populations at the right upper corner in Figure 4 are not realistically parameterised because they 
combine a high recruitment and a low adult mortality – in reality, a trade-off usually exists and 
species cannot simultaneously invest in survival and in recruitment, which cannot both be high. 
However, invasive species with few natural enemies and abundant resources could in some cases fit in 
this category; these are sometimes called “Darwinian Demons” because a combination of high 
recruitment and low mortality would lead to extinction and therefore non-existence under natural 
selection pressures (Law 1979). Conversely, in the lower left corner are those species or populations 
that combine high mortality and low recruitment. Such species cannot persist under normal 
conditions; populations in this part of the parameter space have to deal with an “extinction debt” and 
are often referred to as “living dead” or “ghost of the landscape past” populations (Tilman et al. 1994, 
Nagelkerke et al. 2002). Realistically parameterised species or populations, situated along the 
diagonal, are much more sensitive. 
 
The area response or loss of population persistence (PPI) for “realistic species” is generally much 
higher than the mortality increase e.g. the effects of 1% increase in mortality to natural mortality can 
induce responses between 1.6% and 100%. For any 5% increase in mortality to natural mortality the 
loss in PPI is even higher, between 20% and 100%. 
 
 

 
 

A (0.5%) Recruitment (r1)

0.07 0.08 0.09 0.11 0.12 0.14 0.16 0.19 0.21 0.25 0.28 0.33 0.37 0.43 0.50 0.57 0.66 0.75 0.87 1.00 1.15 1.32 1.52 1.74
Adult mort. (m)

0.07 NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9% -0.9% -0.8% -0.8% -0.7% -0.7% -0.7% -0.6% -0.6%
0.08 NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9% -0.9% -0.8% -0.8% -0.7% -0.7% -0.7% -0.6%
0.09 NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9% -0.9% -0.8% -0.8% -0.7% -0.7% -0.7%
0.11 NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9% -0.9% -0.8% -0.8% -0.7% -0.7%
0.12 NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9% -0.9% -0.8% -0.8% -0.7%
0.14 NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9% -0.9% -0.8% -0.8%
0.16 NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9% -0.9% -0.8%
0.19 NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9% -0.9%
0.21 NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0% -0.9%
0.25 NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1% -1.0%
0.28 NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2% -1.1%
0.33 NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3% -1.2%
0.37 NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5% -1.3%
0.43 NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7% -1.5%
0.50 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9% -1.7%
0.57 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3% -1.9%
0.66 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8% -2.3%
0.75 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4% -2.8%
0.87 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5% -3.4%
1.00 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1% -4.5%
1.15 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5% -6.1%
1.32 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2% -9.5%
1.52 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -19.2%
1.74 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
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Figure 4 Effect of (A) 0.5%, (B) 1%, (C) 2%, and (D) 5% additional mortality on the percentage 
change in Population Persistence Index (PPI). Each cell in the matrix represents a population defined 
by its adult mortality rate m and maximum recruitment rate r1. Especially populations in which the 
mortality m approaches the maximum recruitment r1 are very sensitive to an increase in mortality. 
NS= no survival (i.e. population cannot exist), red=50-100%, orange=25-50%, dark pink=10-25, 
medium pink=5-10, light pink=2-5% and green=0-2%, blue= area of non-realistic parametrisation 
(“Darwinian demons”) that combine a high adult survival (longevity) and a high recruitment (roughly 
based on Sæther and Bakke (2000)). 

 

B (1%) Recruitment (r1)
0.07 0.08 0.09 0.11 0.12 0.14 0.16 0.19 0.21 0.25 0.28 0.33 0.37 0.43 0.50 0.57 0.66 0.75 0.87 1.00 1.15 1.32 1.52 1.74

Adult mort.(m)
0.07 NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8% -1.7% -1.6% -1.5% -1.5% -1.4% -1.3% -1.3% -1.3%
0.08 NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8% -1.7% -1.6% -1.5% -1.5% -1.4% -1.3% -1.3%
0.09 NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8% -1.7% -1.6% -1.5% -1.5% -1.4% -1.3%
0.11 NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8% -1.7% -1.6% -1.5% -1.5% -1.4%
0.12 NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8% -1.7% -1.6% -1.5% -1.5%
0.14 NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8% -1.7% -1.6% -1.5%
0.16 NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8% -1.7% -1.6%
0.19 NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8% -1.7%
0.21 NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0% -1.8%
0.25 NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2% -2.0%
0.28 NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4% -2.2%
0.33 NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6% -2.4%
0.37 NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0% -2.6%
0.43 NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4% -3.0%
0.50 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9% -3.4%
0.57 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6% -3.9%
0.66 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5% -4.6%
0.75 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8% -5.5%
0.87 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8% -6.8%
1.00 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1% -8.8%
1.15 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5% -12.1%
1.32 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9% -18.5%
1.52 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -35.9%
1.74 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

C (2%) Recruitment (r1)
0.07 0.08 0.09 0.11 0.12 0.14 0.16 0.19 0.21 0.25 0.28 0.33 0.37 0.43 0.50 0.57 0.66 0.75 0.87 1.00 1.15 1.32 1.52 1.74

Adult mort. (m)
0.07 NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7% -3.4% -3.2% -3.1% -2.9% -2.8% -2.7% -2.6% -2.5%
0.08 NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7% -3.4% -3.2% -3.1% -2.9% -2.8% -2.7% -2.6%
0.09 NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7% -3.4% -3.2% -3.1% -2.9% -2.8% -2.7%
0.11 NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7% -3.4% -3.2% -3.1% -2.9% -2.8%
0.12 NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7% -3.4% -3.2% -3.1% -2.9%
0.14 NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7% -3.4% -3.2% -3.1%
0.16 NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7% -3.4% -3.2%
0.19 NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7% -3.4%
0.21 NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0% -3.7%
0.25 NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3% -4.0%
0.28 NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7% -4.3%
0.33 NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2% -4.7%
0.37 NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9% -5.2%
0.43 NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7% -5.9%
0.50 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7% -6.7%
0.57 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1% -7.7%
0.66 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9% -9.1%
0.75 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4% -10.9%
0.87 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2% -13.4%
1.00 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3% -17.2%
1.15 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7% -23.3%
1.32 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2% -34.7%
1.52 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -62.2%
1.74 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

D (5%) Recruitment (r1)
0.07 0.08 0.09 0.11 0.12 0.14 0.16 0.19 0.21 0.25 0.28 0.33 0.37 0.43 0.50 0.57 0.66 0.75 0.87 1.00 1.15 1.32 1.52 1.74

Adult mort. (m)
0.07 NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1% -8.5% -8.0% -7.6% -7.2% -6.9% -6.7% -6.4% -6.3%
0.08 NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1% -8.5% -8.0% -7.6% -7.2% -6.9% -6.7% -6.4%
0.09 NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1% -8.5% -8.0% -7.6% -7.2% -6.9% -6.7%
0.11 NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1% -8.5% -8.0% -7.6% -7.2% -6.9%
0.12 NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1% -8.5% -8.0% -7.6% -7.2%
0.14 NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1% -8.5% -8.0% -7.6%
0.16 NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1% -8.5% -8.0%
0.19 NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1% -8.5%
0.21 NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9% -9.1%
0.25 NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7% -9.9%
0.28 NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7% -10.7%
0.33 NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0% -11.7%
0.37 NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5% -13.0%
0.43 NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4% -14.5%
0.50 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8% -16.4%
0.57 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0% -18.8%
0.66 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1% -22.0%
0.75 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7% -26.1%
0.87 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7% -31.7%
1.00 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7% -39.7%
1.15 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0% -51.7%
1.32 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5% -71.0%
1.52 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS -97.5%
1.74 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
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3.2 Impact of PBR on the Population Persistence Index 

The Potential Biological Removal (PBR) is often used to calculate how many individuals of a given 
population can be harvested without negatively affecting the population. Strong effects of harvesting, 
or additional mortality following wind turbine collision, on PPI are evident using the PBR (Figs. 5A and 
B). When the recovery factor Fr equals 1, additional mortality according to the PBR results in an 
87.5% reduction of the PPI. When Fr=0.5 this reduction is 58% and when Fr=0.1 the reduction of PPI 
is 15%. 
 
 

 

Figure 5 Effects of Potential Biological Removal (PBR) on the Population Persistence Index (PPI), 
the area under the parabolic curves in A. (A) Effects of PBR (with recovery factor (Fr) = 1, red line) 
on the population (blue line) resulting in a population with a strongly reduced PPI (green line). 
(B) Effect of the recovery factor Fr on the % decrease of the PPI. Note that the proportional change in 
PPI is independent of r and K and depends only on Fr. 

 

3.3 Effect of increased mortality on Common Tern and 
Marsh Harrier 

Common Tern 
In the best available years for the Waddenzee-IJsselmeer population (2007, 2010, 2011), Common 
Terns produced 1.1 fledglings per pair of which 89.9% survived the post fledgling period and 68.5% 
survived the remainder of the year. Second year-survival was 64.6% and third-year survival was 
estimated at 88.5%. The recruitment rate to adulthood (r1) can thus be estimated as: 
0.5*1.1*0.899*0.685*0.646*0.885=0.194 (0.5 factor reflects balanced sex ratio) and in a continuous 
time model as r1 = ln(0.194+1) = 0.177. The adult mortality rate is 1-0.885=0.115 and -ln(1-0.115) 
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= 0.122 in the continuous time model. Analogously, we can estimate the increased mortality rate mi 
after a hypothetical increase in wind turbine strikes as –ln(1-0.115*1.01)=0.1234. The reduced 
recruitment r1i in this situation is 0.5*1.1*(1-0.101*1.01)*(1-0.315*1.01)*(1-0.354*1.01)*(1-
0.115*1.01)=0.1912 and in a continuous time model r1i = ln(0.1912+1) = 0.175. 
 
We substitute these estimates in equation (6) to assess the proportional response of the Population 
Persistence Index (PPI) to increased mortality following a hypothetical increase of mortality due to 
wind turbine strike. Using these estimates for r1 and m, a 1% increase in mortality (impacting 
recruitment and adult cohorts) resulted in a 15.1% loss of the PPI, increasing to a 61% decrease of 
PPI at a 5%-increase of mortality (Table 1).  
 
For the PBR of Common Tern the proportional change of the PPI is independent of r, r1 and m but 
depends only on the adjustment factor of population sensitivity (Fr). An Fr value of 0.5 results in a 
58% reduction of the PPI compared to the population not exposed to additional mortality (Table 1). 

Marsh Harrier 
In the best available years (1997, 1998, 1999) Marsh Harriers produced on average 2.9 fledglings per 
pair of which 66.4% survived the first year and 78.5% the second and third year. The recruitment on 
an annual basis is: 0.5*2.9*0.664*0.785*0.785=0.59 and in a continuous time model 
r1=ln(0.59+1)=0.464. The adult mortality rate is 1-0.785=0.215 and -ln(1-0.215)=0.242 in a 
continuous time model. Then, the recruitment r1i due to a mortality increase of 1% =0.5*2.9*(1-
0.336*1.01)*(1-0.215*1.01)*(1-0.215*1.01)=0.587 and in a continuous time model 
r1i=ln(0.587+1)=0.4619. The mi is -ln(1-0.215*1.01)=0.2448.  
 
We substitute these estimates in equation (6) to assess the proportional response of the Population 
Persistence Index (PPI) to increased mortality following a hypothetical increase in wind turbine strikes. 
A 1% increase in mortality resulted in an 7.1% loss of the PPI, increasing to a 33% decrease of PPI at 
a 5% rise in mortality (Table 1). 
 
Considering that the Marsh Harrier is a sensitive species we assume an Fr of 0.1 for the PBR, which 
results in a reduction of the PPI by 14% compared to the population not exposed to additional 
mortality (Table 1).  
 
 

Table 1 The proportional change of the Population Persistence Index (PPI) following an increase in 
mortality in Dutch populations of Common Tern and Marsh Harrier. The response of the PPI to Potential 
Biological Removal (PBR) was obtained by varying the population sensitivity factor (or recovery factor, 
Fr). Note that the response to PBR is only determined by Fr and is not species specific.  

 Marsh Harrier  Common Tern 

 % PPI Response % PPI Response 

% mortality increase 

0.5% -3.6 -7.8 

1% -7.1 -15.2 

2% -14.0 -28.9 

5% -32.8 -61.6 

PBR - Fr values 

0 0 0 

0.1 -14.19 -14.19 

0.2 -27.12 -27.12 

0.3 -38.57 -38.57 

0.4 -48.81 -48.81 

0.5 -57.82 -57.82 

0.6 -65.7 -65.7 

0.7 -72.57 -72.57 

0.8 -78.4 -78.4 

0.9 -83.3 -83.3 

1 -87.5 -87.5 
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4 Discussion 

We show that the use of threshold standards, such as the 1% mortality norm and PBR, to evaluate the 
impact of additional mortality from wind turbine strike can strongly reduce the persistence 
perspectives of populations of sensitive bird species, i.e. those species for which maximum 
recruitment is not much higher than natural mortality. Rather than having a negligible effect, we found 
that a 1% increase in mortality rates of all post-fledging age classes from wind turbine strike leads to 
a c. 7% and 15% decrease in population persistence for Dutch populations of respectively Marsh 
Harrier and Common Tern. In situations where such additional mortality increased by 5% for both 
species, we estimated a 33% to 62% decrease, respectively, of their population persistence. We 
further show that long-lived species with low recruitment rates may be as vulnerable to a similar 
degree of additional mortality as short-lived species with high reproductive potential (cf. Fig. 4). This 
may seem counter-intuitive given the known vulnerability of even low collision rates of various long-
lived species (Crivelli et al. 1988, Hunt & Hunt 2006). However, additional 1% mortality levels are 
reached much sooner in species with high natural survival rates and low population size. What matters 
is the difference between maximum potential recruitment (at low density, when resources are not 
limiting) and natural mortality. A species with high recruitment may still be vulnerable if mortality is 
similarly high. 
 
The newly introduced measure of population persistence, the Population Persistence Index or PPI, is 
determined by maximum population growth rate and the carrying capacity of a population. The PPI 
thus combines safety in numbers and safety by population growth rate, reflecting resilience to 
increased mortality such as caused by collisions with newly constructed wind turbines. The 
vulnerability of a population with a low PPI may be due to a low carrying capacity despite a high 
growth rate. The low carrying capacity and PPI then corresponds with the population’s vulnerability to 
newly introduced mortality causes (e.g. wind turbines), demographic stochasticity and Allee effects 
(Schippers et al. 2011; Verboom et al. 2001). Similarly, a population with a high carrying capacity but 
a low growth rate (and therefore low resilience) may be equally vulnerable to extinction when 
subjected to large fluctuations. Conversely, a healthy population with a high PPI will be relatively 
stable with a low extinction probability. Even for healthy populations, however, a reduction of the PPI 
always undermines their persistence perspective or robustness (i.e. the “population viability”) by 
reducing their buffer capacity, rendering them more vulnerable to stochastic or structural hazards. 
 
We believe that our results should have far-reaching implications for the industry involved in the 
evaluation of wind turbine impact on bird populations in the Netherlands and in various other 
European countries, where the thresholds assessments evaluated here are currently the norm. When 
used in their current form, these assessments may grossly underestimate the actual impact of extra 
mortality of populations already under pressure from other anthropogenic causes, especially when 
cumulative mortality from multiple wind farms leads to additional mortality in excess of the 1% 
mortality norm. Importantly, we have not included in our assessment the additional impacts of 
disturbance, displacement, barrier effects, habitat change, and loss of feeding or breeding grounds 
during construction and operation on bird populations. These may be substantial and add to direct 
impact of mortality collisions (Drewitt & Langston 2006, Schuster et al. 2015). This would make it 
more difficult to achieve the overall objectives under the Birds and Habitats Directives, which is to 
maintain and restore the populations of naturally occurring wild bird species present in the EU (ca. 
500 species) at a level which will ensure their survival over the long term, maintaining them at a so-
called ‘favourable conservation status’. Our analysis adds to growing evidence that assessment 
thresholds offer only false security because they are rather arbitrary and embed the acceptance of 
some adverse impact on population size (Green et al. 2016). 
 
The Potential Biological Removal is a measure often used as an alternative to the 1% mortality 
criterion. The starting point of the PBR is the maximum potential excess growth, which may not 
always be reached, especially not in declining populations, and can in practice only be determined at 
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low population densities. Furthermore, the PBR method assumes density-dependence in mortality and 
reproduction, whereas knowledge about such dynamics is lacking for many species (Green et al. 
2016). Uncertainties about the outcome of PBR applications also occur as a result of the use of a 
‘recovery factor’ (Dillingham & Fletcher 2008) which provides safety margins to PBR threshold 
estimates based upon expert judgement, but which lacks any empirical validation (Green et al. 2016). 
We show that the effect of PBR on the PPI response was only determined by the recovery factor Fr and 
was independent of the maximum recruitment r1 and adult mortality m. This means that the response 
of PPI following increased mortality from wind turbine collisions is entirely dependent on the 
estimation of Fr, which is a measure of the population’s sensitivity to extinction. Presently, for 
sensitive populations Fr=0.1 is often used while in more stable populations values near one are used 
(Wade 1998). Our results show that a PBR at Fr=1 will cause an 87.5% decline in the PPI; meaning 
that the odds of population persistence will be strongly reduced. Perhaps surprisingly, even if the 
recovery factor is set at its lowest value (Fr=0.1), the proportional loss of population persistence 
amounts to 14% of the PPI without additional mortality. This implies that the PBR undermines the 
population persistence of populations suffering loss from wind turbine strike, although it may not lead 
to extinction. We conclude that the PBR method is a rather blunt instrument from a population 
conservation point of view. 
 
Our results on the impact of additional mortality on Marsh Harrier and Common Tern populations are 
independent of the exact parameterization of respective population models. For most well-studied 
species, the average survival parameters and recruitment parameters such as average number of 
fledglings per pair can be estimated with a certain degree of accuracy. All parameters fluctuate over time 
due to internal population properties (such as population size, age structure, etc.) and external factors 
(weather, food availability etc.). We used the average of the three best years in terms of reproduction to 
estimate maximum recruitment and associated mortality, which is justifiable if we assume that 
intraspecific competition was at its lowest in these years. However, the adult survival rate estimated 
from field data is most likely to be lower than the intrinsic rate (i.e., the natural survival without human-
caused mortality). For simplicity, we also assumed that 100% of the population bred at low density. 
Given this uncertainty and simplifying assumptions, we suggest not to focus on the exact quantitative 
outcome of this study, but on the general trends. We recommend that more research is conducted to 
better understand the recruitment and mortality dynamics of specific bird populations that show 
declining trends or populations with numbers below favourable reference values. 
 
Given the likelihood of important impacts on population persistence of vulnerable species at additional 
mortality rates from wind turbine collisions close to, at, or slightly over 1% additional mortality, the 
importance of cumulative mortality from collisions at multiple wind farms becomes evident. Especially 
when we consider highly mobile or migratory species that encounter possibly multiple wind farms in 
their breeding area, but also multiple wind farms on their migration routes, the cumulative effects of 
mortality induced by these multiple wind farms may be important. An appropriate assessment should 
therefore take into account all accumulation of mortality in the populations’ year-round range, a 
spatial scale reflecting the wide-ranging movements of many vulnerable, high collision-risk species 
(e.g. Bellebaum et al. 2013). Despite their importance to evaluate the true impact of wind turbines on 
relevant population levels, cumulative assessments are evidently seldom performed; because victim 
monitoring data are difficult to acquire at the relevant spatial scales and monitoring of mortality by 
authorities are seldom coordinated to encompass cumulative mortality at multiple sites (Broekmeyer & 
Sanders 2013). In the juridical process of some countries (e.g. Netherlands), wind farm development 
projects that were completed several years back are excluded from any evaluation of cumulative 
impact. Consequently, the 1% mortality norm is often applied only to evaluate the effect of additional 
mortality on the conservation status of the species in the single area where the park is planned. When 
such additional mortality is lower than 1% of the natural mortality of a species, its impact is deemed 
negligible. This has repercussions for the way in which impact is estimated at the relevant, population 
level. For example, in one region in the Netherlands, the IJsselmeer-Waddenzee area, the cumulative 
estimated mortality impact of multiple wind farms on Common Tern and Marsh Harrier well exceeds 
the 1% mortality norms for breeding populations of these species, assuming that the casualties are 
birds of the local populations (cf. Annex 5). Our results indicate this may have implications for their 
population persistence well beyond the small or negligible effects that were estimated by single 
Appropriate Assessment procedures of the respective windfarms in the area. 
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5 Conclusions 

With the use of the 1% mortality norm and PBR methods, the impact of wind turbine collisions on 
populations is currently underestimated and the resulting impacts are likely to threaten the 
conservation status of already vulnerable species. Moreover, cumulative effects may be responsible for 
a much larger impact of wind parks combined than the estimated effects of single wind park projects, 
something that most impact assessment studies ignore. The response of the population persistence 
index PPI to a mortality increase is generally higher than the mortality increase itself, and much 
higher for vulnerable species. Any lowering of the population persistence index of a population reduces 
its buffer capacity to recover from any stochastic or structural hazard that lowers its population size, 
and thereby increases the risk of extinction. For populations that have high maximum recruitment 
rates and low natural mortality rates (e.g. goose populations in much of the Holarctic), that have a 
low PPI response, this risk is extremely small. However, other populations in which the natural 
mortality approaches the maximum recruitment are very sensitive to even a small increase in 
mortality. Developments that affect the mortality rates of these species, such as wind turbine 
development, should take such effects into consideration. Especially for these and other species 
already under pressure, more effort than what is currently the norm should be invested into 
minimizing the impact of wind farms on their populations. This includes an examination of cumulative 
mortality, flight behaviour and population models that evaluate the impact of even “incidental” 
additional mortality. In general the most suitable method of limiting negative impacts is to plan wind 
farms in areas where additional mortality of sensitive populations can be reduced to a minimum.  
 
For populations that are declining, in which case recruitment < mortality, no safe additional mortality 
levels exist, as even a small increase in mortality takes the population further away from the 
favourable reference values. In these cases it is very important to estimate the maximum recruitment, 
i.e. the recruitment occurring at low population densities where density-dependent resource 
limitations do not play a role. With observed maximum recruitment lower than the natural mortality, 
the 1% mortality norm nor the PBR can be used without risking extinction of the populations in 
question. With maximum recruitment higher than, but close to natural mortality, the population is 
expected to eventually settle in a new, lower, equilibrium, and we showed that the impact of 
additional mortality on the population persistence is high under such conditions, leading to further 
decline below favourable reference values. Given such considerations, we conclude that both the 1% 
mortality norm and the PBR can only be used for thriving, resilient, large populations. In all cases 
where populations are below favourable reference values, when they are declining, and/or are 
considered fragile because recruitment in good years and mortality are not well balanced, the use of 
the 1% standard and/or the PBR method will seriously underestimate the impacts of additional 
mortality.  
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  Annex 1

To assess the Area (A) between r and m we integrate (main tekst) equation 1 over N: 
 

𝐴𝐴 = �𝑟𝑟𝑟𝑟 �1 −
𝑁𝑁
𝐾𝐾
�  𝑑𝑑𝑑𝑑 =

𝑟𝑟
2
𝑁𝑁2 −

𝑟𝑟
3𝐾𝐾

𝑁𝑁3    (1) 
 
The PPI is the area of equation 1 between zero and carryingcapacity K: 
 

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑟𝑟𝐾𝐾2

6
                                                    (2) 

 
For the logistic growth equation (main text equation 2) including mortality and recruitment in which 
r=r1-m, r1 being the maximum annual recruitment, or the recruitment at low density when resources 
are not limiting, and m being the annual mortality PPI is: 
 

𝑃𝑃𝑃𝑃𝑃𝑃 =
(𝑟𝑟1 − 𝑚𝑚)𝐾𝐾2

6
                                    (3) 

 
The PPI as a result of an increase in mortality with a percentage i is then: 
 

𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 =
(𝑟𝑟1𝑖𝑖 − 𝑚𝑚𝑖𝑖)𝐾𝐾𝑖𝑖2

6
                                (4) 

 
In which r1i=r1(1-i) and mi=m(1+i) 
 
But Ki should be calculated from K’, the density where the recruitment is zero, because K’ does not 
change due to mortality increase: 
 

𝐾𝐾′ =
𝐾𝐾

(1 −𝑚𝑚/𝑟𝑟1)                                (5) 
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  (6) 

 
Now we can calculate the Response in PPI (Rppi), or the proportional change of PPI, to be: 
 

𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖
𝑃𝑃𝑃𝑃𝑃𝑃

− 1                                 (7) 

 
Substituting equation 3 and 4 in equation 7 and using the Ki from equation 6 we get for the PPI 
response function: 
 

𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 =
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  Annex 2

De Potential Biological Removal is defined as (Wade 1998): 
 

𝑃𝑃𝑃𝑃𝑃𝑃 = 0.5 ∙ 𝑁𝑁 ∙ 𝑟𝑟 ∙ 𝐹𝐹𝑟𝑟                          (1) 
 
In which r = relative growth rate, N = population size, Fr=adjustment factor for population sensitivity 
(also termed a “recovery factor” (Wade 1998)). 
 
When we subtract the PBR harvest from the logistic equation we get: 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
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This population reaches and equilibrium (dN/dt=0) KPBR at: 
 

𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐾𝐾(1 − 0.5𝐹𝐹𝑟𝑟)                          (3) 
 
Let Q=(1-0.5Fr) so KPBR=KQ 
 
To get the area under de curve, we integrate equation 2 over N we get: 
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PPIPBR is the Area under curve from N=0 to KPBR, in which KPBR = KQ is the equilibrium size of a 
population so: 
 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0.5𝑟𝑟𝑟𝑟(𝐾𝐾𝐾𝐾)2 −
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The area equation of unexploited logistic growing curve was (Annex 1 equation 2): 
 

𝑃𝑃𝑃𝑃𝑃𝑃𝑢𝑢 =
𝑟𝑟𝐾𝐾2

6
                                           (6) 

 
And the PPI response % relative to the unexploited area (RPPI) combining equation 5 and 6 is: 
 

𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 =
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= 𝑄𝑄3            (7) 

 

We have defined Q=(1-0.5Fr) so: 
 

𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑄𝑄3 = (1 − 0.5𝐹𝐹𝑟𝑟)3                        (8) 
 
Note that Rppi, the proportional change in PPI, is independent of r and K and depends only on Fr. 
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  Annex 3

Annual survival of Marsh Harriers was analysed using live resightings and dead recoveries of 12.059 
birds ringed as nestling between 1991 and 2016 and 74 birds ringed as ‘adult’ in the same period (due 
to low sample sizes, birds ringed in their as first and second calendar year were lumped with older 
birds in the ‘adult’ category; Table 1). Nestlings were ringed in all years in approximately equal 
numbers (mean 475, range 258-773 per year). Prior to analysis, the dataset was checked for errors 
and birds recovered before the ringing date were removed, some obviously incorrect ages and cases 
where the species reported was other than Marsh Harrier due to misreadings of ring numbers were 
adjusted or removed. Duplicate records were also removed. Nestlings were ringed on average when 
24.4 days old (SD = 6.9, range 7-41 days, N = 2295 nestlings). Mars harriers fledge when between 
35 and 40 days old. Eight nestlings were recovered within 20 days after ringing at the ringing location. 
As these birds never fledged, they were removed from the dataset prior to analysis. 
A total of 226 birds were recovered dead, while there were 65 live resightings. Most birds, nestlings 
and older birds alike, were ringed in June and July. Recoveries and resightings were more evenly 
distributed over the year, but with a peak during the summer months. Data were grouped into one-
year periods spanning May-April. Survival is therefore measured between breeding seasons. 
 
 

Table 1 Ringing and re-encounter data of Dutch Marsh harriers ringed in 1991-2016 by month 

 Ringing data Re-encounter data 

 nestling older recovery resighting 

January   5 0 

February   9 1 

March   10 0 

April   18 3 

May 10 9 17 20 

June 9321 24 21 5 

July 2636 16 31 4 

August 91 10 43 11 

September 1 12 36 10 

October  3 17 6 

November   7 3 

December   12 1 

total 12059 74 226 65 

 
 
The recovery and resighting data were used in a combined analysis following Burnham (1993). In this 
type of MODEL, four types of parameters are estimated: S, the annual survival probability; p, the 
resighting probability (given that the bird is alive); r, the recovery probability of a dead ringed bird; 
and F, the fidelity probability, which is the probability that a surviving bird does not emigrate from the 
study area permanently. Program MARK (White & Burnham 1999) was used for model fitting and 
parameter estimation. We fitted a number of biologically realistic models, where parameters depended 
on age at ringing (two groups g referring to nestlings and adults), age since ringing (reflecting true 
age in birds ringed as nestlings), and time (year). The effect of time on survival was modelled with 
year as a class variable, as a time trend, and by grouping individual years into five-year periods. Sex 
was not taken into account, as sex at ringing was not always recorded, and since re-encounters were 
rather scarce it was not feasible to add another factor to the model. Models were selected based on 
QAIC (Quasi-likelihood Akaike’s Information Criterion), an information theoretic criterion corrected for 
the presence of overdispersion in the data set (Burnham & Anderson 1998). Overdispersion was 
estimated as the variance inflation factor ĉ through a bootstrap goodness-of-fit test (Cooch & White 
1999) and turned out to be modest at ĉ = 1·13. 
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In a recovery-only analysis, age-dependent survival cannot be estimated in a dataset containing only 
birds ringed as nestlings when the age structure is applied to survival and recovery probabilities 
simultaneously (Cole et al. in press). This problem can be avoided by including birds ringed as adults, 
or by using an analysis including both dead recoveries and live resightings. Although both criteria were 
met in the present analysis, we carefully investigated the effect of a possible parameter redundancy in 
age-dependent models because dead recoveries greatly outnumber live resightings in our dataset and 
Marsh Harrier ringed as adults were rare and, hence, contributed little to the correct estimation of 
age-dependent survival. 

Results 
Starting from a model with full time dependence in all four parameters for both groups, we first 
started to model F, r and P respectively until a satisfactory model had been found for these ‘nuisance 
parameters. This resulted in a simple model with age by group interactions for F and r and no 
reduction for P (Table 2). We then modelled survival by first introducing two age classes spanning first 
year survival and all subsequent survival values for both groups. Due to considerable heterogeneity in 
Survival in the adult group it was difficult to simplify the parameter structure for survival in this group. 
It was therefore not possible to test the biologically meaningful model where survival in the second 
age class for the juvenile group equalled survival in the adult group. 
 
For the juvenile group, survival increased over time in both age classes. Some of the models including 
a time trend on survival did perform better than models with year-specific survival, but these models 
tended to overestimate the time trend on survival with survival increasing from very low to very high 
values over the study period, which did not seem realistic. Models where time was broken down into 
five periods of five years for the juvenile group performed best. In these models, survival increased 
more gradually over time in both age classes. A model with this structure and including three instead 
of two age classes performed slightly poorer. Since we wanted to avoid models where S and r were 
potentially confounded because of a similar age structure we again modelled r leaving the final 
parameter structure for survival intact. Models with only a group effect on r performed best. To 
investigate whether the increase in survival was not caused by a decrease in r we also ran models that 
had the same five year periods on r. These models performed slightly poorer but did result in a slight 
decrease in r over time and a lessening of the time effect on survival, although it was still present. 
However, in these models, the reporting rate in the last time period had to be fixed at a value similar 
to the previous period since it was not estimable. This model performed slightly better than models 
with a simple group effect on r. Finally, we simplified the structure for F further letting F only be 
different for birds ringed as juveniles in their first year, thereby testing the hypothesis that juveniles 
dispersed but older birds remained faithful to their site of firs capture. 
 
Since all the above variants were quite similar in performance, we derived our final parameter 
estimates from model averaging. This resulted in survival slowly increasing from 0.48 to 0.78 in the 
first year of life, and from 0.59 to 0.90 in older birds. The increase in survival was most pronounced 
between the first and second time period (Figure 1 and Table 3). 
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Figure 1 Annual survival (±95%CI) of juvenile and adult Marsh Harriers. 

 
 

Table 3 Parameter estimates (only S; P, r and F will be included later) 

 Time period Survival SE lower CI upper CI 

Fi
rs

t-
ye

ar
 

1991-1996 0.478 0.124 0.258 0.708 

1997-2001 0.644 0.109 0.415 0.822 

2002-2006 0.601 0.125 0.351 0.807 

2007-2011 0.568 0.174 0.246 0.841 

2012-2016 0.779 0.153 0.381 0.953 

ol
de

r 

1991-1996 0.587 0.072 0.443 0.718 

1997-2001 0.785 0.051 0.668 0.868 

2002-2006 0.773 0.061 0.632 0.870 

2007-2011 0.776 0.102 0.524 0.916 

2012-2016 0.903 0.105 0.473 0.990 
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Table 2 Modelling results for Marsh Harrier survival rates 

Model QAICc Δ QAICc AICc Weight Model Likelihood N. P QDev Remark 

{Phi(g1-a2*T5.g2-t).P(g*t).r(g-T5.g2-.).F(g*a2)}last r fixed} 3265.116 0.000 0.387 1.000 31 300.893 Best model: 5 time groups for r (fixed) 

{Phi(g1-a2*T5.g2-t).P(g*t).r(g).F(g*a2)} 3267.021 1.904 0.149 0.386 28 308.827 5 time groups on S 

{Phi(g1-a2*T5.g2-t).P(g*t).r(g).F(g1-a2.g2.)} 3267.342 2.226 0.127 0.329 28 309.148 No age effect on F in adult group 

{Phi(g1-a2*T5.g2-t).P(g*t).r(T5).F(g*a2)} 3267.956 2.840 0.094 0.242 31 303.733 5 time groups for r 

{Phi(g1-a2*T5.g2-t).P(g*t).r(g*T5).F(g*a2)} 3268.832 3.716 0.060 0.156 34 298.576 5 time groups for r in both groups 

{Phi(g1-a3*T5.g2-t).P(g*t).r(g).F(g*a2)} 3269.194 4.077 0.050 0.130 33 300.949 3 age classes instead of 2 

{Phi(g*Ttrend.a2*Ttrend.g*a2).P(g*t).r(g*a2).F(g*a2)} 3272.680 7.563 0.009 0.023 25 320.513 Time trend on S; r: g*a 

{Phi(g1-a2*T5.g2-t).P(g*t).r(g*a2).F(g*a2)} 3272.771 7.655 0.008 0.022 30 310.558 Group by age interaction for r 

{Phi(g1-a2*T5.g2-t).P(g*t).r(g*a2).F(g1-a2.g2.)} 3274.262 9.146 0.004 0.010 30 312.049 No age effect on F in adult group; r: g*a 

{Phi(g1-a3*T5.g2-t).P(g*t).r(g*a2).F(g*a2)} 3276.512 11.395 0.001 0.003 36 3.276.512 3 age classes instead of 2; r: g*a 

{Phi(g1-a2*T5.g2-T5).P(g*t).r(g).F(g*a2)} 3278.660 13.544 0.000 0.001 27 322.476 5 time groups for S in adult group 

{Phi(g1-a2*T5.g2-t).P(g1-t.g2-2).r(g).F(g*a2)} 3297.060 31.943 0.000 0.000 27 340.875 Only 2 P values for adult group 

{Phi(g1-a2*T5.g2-t).P(g*t).r(g-T5.g2-.).F(g*a2)} 3702.051 436.935 0.000 0.000 37 385.108 5 time groups for r in juvenile group 

Final model for P.r. F:        

{Phi(g*t).P(g*t).r(g*a2).F(g*a2)} 3280.511 15.395 0.000 0.001 46 286.095 

starting model        

{Phi(g*t).P(g*t).r(g*t).F(g*t)} 3290.954 25.838 0.000 0.000 63 262.229  

 
 

  



 

  Annex 4

Breeding success of Marsh Harrier in the Netherlands was based on data managed by the Dutch 
Raptor Working Group (R.G. Bijlsma. unpublished). Data on nest success was limited to those nests 
which were followed from beginning to end of the breeding cycle. in order to limit a potential bias of 
overrepresentation of successful pairs. Nest data were available for different parts of the country. 
notably Zeeland and Friesland. with other important contributions from Wieringen.  

Results 
Data of 1914 nests were available to estimate nest success (Table 1). The best years in terms of nest 
success were 1997. 1998 and 1999. with reproductive output varying between 2.7 and 3.2 nestlings 
per nest. During the period a significant decline in nest success was evident (F1.17=16.6. p <0.001; 
Fig. 1).  
 
 

Table 1 Number of fledglings produced by Dutch Marsh Harriers between 1997 and 2015. 

year Number of nestlings Number of nests 

1997 2.863 131 

1998 2.695 105 

1999 3.200 80 

2000 2.239 113 

2001 2.234 107 

2002 2.137 117 

2003 1.820 100 

2004 2.281 121 

2005 1.920 100 

2006 1.980 102 

2007 1.964 84 

2008 2.076 66 

2009 1.768 99 

2010 1.724 87 

2011 1.792 77 

2012 1.583 120 

2013 1.880 108 

2014 2.155 103 

2015 2.053 94 

Mean 2.124   
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Figure 1 Nest success (±SE) for Dutch Marsh Harriers between 1997 and 2015. 
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  Annex 5

Cumulative mortality from windturbine collision in a population of Common Tern and Marsh Harrier in 
the Netherlands. 
To evaluate the impact of cumulative mortality on the meta-populations of species modelled here. 
Common Tern and Marsh Harrier. the predicted number of victims from flux models or the (corrected) 
number based on monitoring of victims is used.  
 
The Common Tern breeding population of Waddenzee and IJsselmeer is estimated at 7.630 pairs. The 
1% norm then is: 0.01*0.10 (adult mortality per year)*7630*3 (for every pair one floater; 
Brenninkmeyer & Klop 2015) = 23 birds. The actual predicted additional mortality is 32 to 67 
individuals in the entire breeding area (Table 1). by wind turbines only. i.e. a cumulative impact of up 
to c. 3% of the breeding population.  
 
We also cumulated predicted mortality for the Marsh Harrier. The population of Waddenzee and 
IJsselmeer together is currently estimated at 52 pairs (Sovon 2016). The 1% mortality norm is 
0.01*0.21*52*3=0.33. i.e. one bird lost every three years. The estimated cumulative mortality at 
present for the Waddenzee-IJsselmeer area is 12-23 individuals per year (Table 2). It is unknown 
whether these victims are local breeding birds or migrants. 
 
 

Table 1 Estimated number of victims of Common Tern per year in the meta-population 
IJsselmeer and Waddenzee. The minimum and maximum number of casualties per year are indicated. 
based on monitoring of victims (corrected for carcass detectability and scavenging) or flux collision 
models. Nbw = Nature Conservation Law; Ffw = Flora and Fauna Act. 

Wind park Min  
N/year 

Max  
N/year 

Information used for 
estimate 

Reference 

Wind park Fryslân <1 5 Flux-collision Model Decision Nbw 

Wind park Wieringermeer - - - Request exemption Ffw Pondera 

Consult 2014 

Wind park Noordoostpolder 0 0 - Appropriate Assessment Pondera 

Consult 2010 

Eemshaven 13 25 Monitoring  

 

Klop & Brenninkmeijer 2014 

Brenninkmeijer & Klop 2015 

Delfzijl-Zuid 3 5 Monitoring  Brenninkmeijer & van der Weyde 

2011 

Delfzijl-Noord 5 10 Monitoring  Brenninkmeijer & Klop 2015 

Oostpolderdijk 1 2 Expert judgment BuWa rapport 15-073 

extension Eemshaven en 

Delfzijl 

11* 20* Monitoring Klop et al. 2014 

Total 32 67   

* with 95% interval. 7.5 MW turbines and correction according to Loss et al. (2013). 

 
 
  

34 | Wageningen Environmental Research report 2788 



 
Table 2 Estimated number of victims of Marsh Harrier per year in the meta-population IJsselmeer 
and Waddenzee. The minimum and maximum number of casualties per year are indicated. based on 
monitoring of victims (corrected for carcass detectability and scavenging) or flux collision models. Nbw 
= Nature Conservation Law; Ffw = Flora and Fauna Act. 

Wind park Min  
N/year 

Max  
N/year 

Information used for estimate Reference 

Wind park Fryslân <1 <1 Flux-collision Model Decision Nbw 

Wind park Wieringermeer <1 1 - Request exemption Ffw 

Pondera Consult 2014 

Wind park 

Noordoostpolder 

<1 1 - Appropriate Assessment 

Pondera Consult 2010 

Eemshaven - - Monitoring  

 

Klop & Brenninkmeijer 2014 

Brenninkmeijer & Klop 2015 

Delfzijl-Zuid 5 8 Monitoring  Brenninkmeijer & van der 

Weyde 2011 

Delfzijl-Noord 2 3 Monitoring  Brenninkmeijer & Klop 2015 

Delfzijl-Noord - - Expert judgment Arcadis 2009 

extension Eemshaven en 

Delfzijl 

5* 10* Flux-collision Model Klop et al. 2014 

Total 12 23   

* with 95% interval. 7.5 MW turbines and correction according to Loss et al. (2013). 
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