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Abstract

The breeding population of peregrine falcons (Falco peregrinus) in Norway was almost exterminated by the
early 1970’s. Long-term monitoring of breeding pairs has been conducted since 1976 up to present. Peregrine
falcons were first established at breeding sites in coastal habitats, where they remained at stable low numbers
until the early 1990’s. Starting around 2000, numbers began to increase steadily, and current numbers have now
reached historical population levels from the pre-DDT era. We documented a range expansion with increasing
numbers of peregrines nesting in the fjords and inland valleys. We found that once a territory was colonized, the
probability that a territory remained occupied was high (S >0.958). During early stages of population recovery,
the transitional probabilities of becoming or remaining a breeding territory were high (wn-g > 0.40, yg.g > 0.65)
but declined over time, especially in coastal habitats. Moreover, the productivity per nest has also decreased
over time at sites in coastal habitats in the former stronghold of the population. The levels of environmental
pollutants in eggs of the peregrines have dropped sharply over the last few decades, and contaminant levels now
seem to be below critical levels. Eggshells were relatively thin throughout the 1970s, 1980s, and 1990s, but have
increased to almost normal levels during the last two decades. Reductions in levels of organochlorine pollutants,
especially DDT, appear to have been the main factor in explaining the population recovery. The territory
dynamics are consistent with density-dependence and the low breeding success of the coastal-breeding

peregrines is believed to be caused by declining numbers of colonial seabirds and other prey species.
Keywords: eggshell thickness, environmental pollutants, population model, population recovery, prey decline
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Introduction

The historical population of peregrine falcons in Norway was estimated to have been 500-1,000 pairs before the
introduction of DDT (Dichlorodiphenyltrichloroethane) as an agricultural chemical (Schei 1984). Elsewhere in
Fennoscandia, population numbers were estimated to have been around 1,000 pairs in Finland (Linkola and
Suominen 1969), while the historical population was estimated to have been 900-1,400 pairs in Sweden
(Lindberg et al. 1988). By the mid-1970s, no more than eight localities with breeding pairs of peregrine falcons
were known in the whole of Norway (Lindberg et al. 1988). In Denmark, the last known breeding attempt was in
1972 (Andreasen 1972), and in Sweden only nine remaining pairs were believed to survive by 1974, three pairs
were known to breed in the southern part of the country, and 5-6 pairs in the northern areas of Lapland by 1974
(Lindberg 1975). In Finland, only 15 territories were occupied in 1965 (Linkola and Suominen 1969). Steep
population declines led to serious concerns that the peregrine falcon was about to be eradicated from
Fennoscandia, as it had happened elsewhere in the world, such as in the eastern parts of the United States
(Hickey 1969).

After World War 11, the world was slowly becoming aware of new and severe threats to bird populations.
Predatory species at high trophic levels were especially susceptible to exposure to pollutants, especially by the
massive use of pesticides such as DDT and dieldrin in agricultural production. The first documentation of thin-
shelled eggs in nests of peregrines in Britain was published in 1958 (Ratcliffe 1958). The book Silent Spring’ by
Carson (1962) had made the whole world aware of the danger posed by DDT and other pollutants on wildlife,
especially birds of prey. It still took about 20 years before the main reason for population declines was
pinpointed. The mechanism of eggshell thinning caused by DDT (or rather by one of its degradation products,
DDE, Dichlorodiphenyldichloroethylene), and eggshell-thinning was later established (Lundholm 1987; Peakall
et al. 1975; Ratcliffe 1967, 1970), but also adult mortality caused by pesticides in the cyclodiene group (dieldrin
and endrin) was probably important (Bogan and Mitchell 1973; Nishet 1988; Porter and Wiemeywer 1969). The
use of alkyl mercury in the agricultural areas of Scandinavia may also have contributed to increased mortality
and hatching failures (Lindberg and Odsj6 1983). The process of bioconcentration and biomagnification through
food-chains allowed relatively low environmental concentrations to reach high levels in predatory species at high
trophic levels (Braune et al. 1988; Fisk et al. 1998; 2003). Norway and Sweden banned the use of DDT as an

agricultural chemical in 1970.

The goal of our study was to monitor the recovery of a local population of peregrine falcons in central Norway,
in parallel with a broader effort to study the magnitude and effects of environmental pollutants across Norway, to
see whether pollutants were having an effect on a population level. We conducted intensive surveys of falcons at
a regional scale in Trgndelag, whereas collection of eggs for monitoring of environmental pollution was
conducted at a national scale as part of the long-term Monitoring Programme for Terrestrial Ecosystems (TOV)
(Gjershaug et al. 2008). We use the pollutant load of falcon eggs in Norway as index of long-term changes in
contaminant exposure for our local population. We also wanted to document a population expansion into new
habitats (fjord and inland) as it became clear that the breeding distribution was shifting over time. Here, we
report on the population recovery and territory dynamics of peregrine falcons in central Norway over the past
four decades.

Methods
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Field work. We monitored the population status of peregrine falcons in central Norway (63°30° N - 65°N,
Figure 1) for a 42-year period during 1976-2017. Our study area was the former Nord-Trgndelag county, part of
Trgndelag county since 2018. Only sites from within the boundaries of former Nord-Trgndelag county were
included in our study (22,412 km?). Suitable nest sites in the breeding territories were surveyed 1-4 times during
the summer breeding seasons for the 42-year period from 1976 to 2017. From 1976 to 2011, all known
territories were surveyed, but from 2012 to 2017, surveys of 1-4 territories were skipped each year, due to their
long history of being abandoned. Nest sites were confined to cliff faces or rocky escarpments in three different
habitats: coast, fjord and inland sites. Coastal habitats were defined as sites situated adjacent to the Norwegian
sea. Fjord habitats were sites in long narrow fjords that were perpendicular to the outer coastline, mainly the
Trondheimsfjord. Inland habitats included terrestrial sites and mountain valleys, at least 10 km away from fjord
or the sea. Breeding pairs sometimes moved a short distance to a new nest site, but we considered an area to be
the same territory if adjacent nest sites were in the same cliff or section of neighboring cliffs with no other pair
known in the same area. We developed encounter histories for each falcon territory where we coded our annual
records as 1 of 4 states: not surveyed (.), surveyed but no falcons were detected (0), territory was occupied by
nonbreeders without any evidence of nesting (N), or the territory was occupied by breeders with confirmed
evidence of a nesting attempt containing eggs or young (B). Territories coded as occupied by nonbreeders were a
heterogeneous group of birds with uncertain status, including sites visited by prospecting birds, unmated birds
defending a territory, mated pairs that failed to produce a clutch, or possibly pairs with nests that failed at an
early stage of the breeding attempt. Uncertainty in state determination can be addressed with multistate
occupancy models in a robust design framework (Nichols et al. 2007), but we did not use this approach because

territory status was coded by year and not by survey visit in our long-term monitoring program.

Mark-recapture models. We modeled the territory dynamics of falcons with multistate mark-recapture models in
Program Mark (ver. 6.2, www.phidot.org/software/mark). We were unable to test for overdispersion because
our encounter histories included sites that were not surveyed. We assumed that overdispersion was low and used
Akaike Information Criterion (AlCc) for model selection. Our data were sparse because population numbers
remained low during the first 22 years of our study period and then grew slowly during a 20-year recovery
period. Models with full time-dependence were not possible because falcons colonized the three different
habitats (coastal, fjord and inland) at different times and not all transitions were identifiable. We opted for a
starting model where the probabilities of territory persistence (Sy and Sg) and encounter (pn and ps) were
estimated separately for the two different states (N or B), but were held constant over time and among habitat
strata. We modeled the transitional probabilities of changing states (yn-s and ye-n) separately by state, as a
linear trend over time, and as a group effect of the three different habitats (coast, fjord, and inland sites). We
considered single factor models, main effect models (+), and factorial combinations (x) of the two explanatory
variables. We ranked models by differences in information criterion values (AAICc) and used ratios of Akaike
weights to assess relative support for alternative models. In a last step, we used model averaging to calculate
estimates with unconditional variance that controlled for uncertainty in model selection. To compare transitional

probabilities to a breeding state, we calculated the probability of territory persistence for breeders as: ygs =1 -

YB-N.
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Population change. Our multistate models provided state-specific estimates of the probability of encounter,
which were sometimes less than one. Accordingly, the total number of falcon territories during the starting and

ending year were estimated from territory counts (C) corrected for the state-specific probabilities of encounter

(p): N = C. /Py +Cg/pg - Anannual estimate of the mean finite rate of population change (1) was then

estimated as the geometric mean of the population size at the start ( Nll) and end ( NT+1) of a time series that

. . ~ A VT .
was T years in duration: A = ( an/ Nl) . We calculated annual rates of population growth for each of the

three habitats, and also for the entire population. Given the observed rates of population growth, we also

calculated the doubling time for falcon populations as Tq = In(2)/In(1).

Pesticides and mercury. Addled eggs that failed to hatch were collected whenever available, and the contents
were kept frozen at -21°C before being shipped to the laboratory at Norges Veteringerhggskole (The Norwegian
Veterinary College, Oslo). The laboratory is accredited in compliance with NS-EN ISO/IEC 17025 (TEST 137).
The laboratory methods for analyzing chemical content were modified and improved over the 40-year period,
and the equipment and procedures are described in detail by previous authors (Berger and Haukas 2005; Frgslie
et al. 1986; Holt et al. 1979; Murvoll et al. 2006; Nygard and Polder 2012; Polder et al. 2008; Polder et al. 2008).
During the first years, only sum-DDTs were reported. Later, the breakdown products such as DDEs and DDDs
were also reported. The p,p’-DDE was always the dominating compound. During later years, a whole array of
compounds were analyzed, including HCB, HCHSs, mirex, polybrominated compounds (PBDESs) and
polyfluorinated compounds (PFAS). Sample size of eggs were relatively small and estimates are available all of
Norway but not for individuals or populations. For details of pollutant data from recent years, see Nygard and
Polder (2012).

The whole dataset included 183 eggs and eggshell fragment collections from 117 clutches, including the
historical eggs that were used as reference for eggshell thickness. Fifty-five eggs from 49 clutches were used for
pesticide analysis. Clutch averages were used for statistical purposes and graphs. Addled eggs that that are left
abandoned in the nests will lose some of their water content due to evaporation through the eggshell. Water-loss
will influence the measured values of pollutant concentration expressed on a wet weight basis. Therefore, we
have corrected for potential water loss by recalculating the pollutant concentration values based on mass of a
fresh egg without water loss, after estimating egg volume from egg measurements following methods of
Helander et al. (2002).

Eggshell thickness and eggshell index. The emptied eggshells were dried, and their mass, length and breadth
were measured. In cases where only eggshell fragments were collected from nests, shell thickness was measured
with a micrometer designed to measure eggshells (+/- 0.01 mm, Starrett model 1010). The micrometer
instrument was also used to measure the shell thickness of whole eggs through the blow-hole (average thickness
of four measurements in opposite directions). In absence of addled whole eggs in the nests, eggshell fragments
were collected where available. Up to ten fragments from each nest were collected, and their average thickness
was used as representative estimate for the clutch. Only fragments containing eggshell membrane were used. All
eggshell measurements were made by the first author TN. The eggshell thickness index (SI) was calculated by

using the formula SI = mass of eggshell/lengthxbreadth? (Ratcliffe 1967), with corrections for hole size and
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eccentricity of egg shape (Nygard 1999). Baseline values of egg dimensions before the introduction of
organochlorine pesticides were measured for egg sets collected before 1947, that were archived at six natural

history museums in Norway (Oslo, Trondheim, Bergen, Kristiansand and Tromsg) and Denmark (Copenhagen).
Results

Population history. Peregrine falcons were probably extirpated from central Norway (Nord-Trgndelag and Ser-
Trgndelag) during the 1960s, and up until the first pair was discovered breeding at a coastal cliff in Nord-
Trgndelag in 1976. Two additional pairs were discovered before 1980, and these three pairs were the only known
breeding birds in Nord-Trgndelag for many years, all occurring at coastal sites. No population increase was
evident until the mid-1990s, despite considerable search effort (Figure 2). Starting in 2000, a gradual increase
occurred, and peregrine falcons have been recorded breeding at 36 different sites in Nord-Tregndelag county
during the 42-year monitoring period. Peregrine falcon numbers remained low for the first 22 years of our study
period. Colonization of habitats other than the coast was staggered, and falcons first appeared in the fjords in
2004, and at inland breeding sites in 2006. Falcons occupied 1-2 territories for the first eight years from 1976-
1983, and then 3-6 territories from 1984-2000 (Figure 2). Population numbers began to increase more at the turn
of the millennium and went from 9 to 26 yearly active territories during 2001-2017, at altogether 51 sites.
Nesting territories, where breeding has been recorded at least once, are at present located in three different
habitats: coastal (1976-2017, n = 20), fjords (2004-2017, n = 16), and inland sites (2006-2017, n = 15). About
two-thirds of previously active territories were occupied by breeding pairs during 1976-2000 (median 67%,
range 0-100%). After the onset of population growth, about half of previously active territories were occupied
by breeding pairs during 2001-2017 (median 48%, range 32-89%) (Figure 3). The reproductive rate has varied
greatly throughout the years, but average productivity has declined from 2.3 to 0.5 fledglings per pair over four
decades in the coastal population (linear regression: fledglings = 79.4 - 0.04xyear, P = 0.001, R? = 0.256), while
there have been no significant trends for changes in productivity in the fjord or inland populations (Figure 4). A
tendency for an increase in productivity in the inland population was non-significant, but requires continued

monitoring to determine future trends.

Model selection. Our multistate modeling of territory dynamics was based on encounter histories from 51
different territories where falcons were encountered in one or more years. The top two candidate models for the
transitional probability of changing states included effects of habitat and linear trends over time (Table 1). A
main effects model (Habitat + trend) had 2.1 times more support than a factorial model (Habitat x trend), but
both models were equally parsimonious (AAICc <1.5). The top two models received 7.2-15.0 times more
support than the next best model, which included linear trends in the transition rates (Trend, AAICc = 0.042).
We used procedures for model averaging in Program Mark to calculate weighted parameter estimates across our

set of candidate models, along with unconditional variances that accounted for uncertainty in model selection.

Parameter estimates. Once a territory was colonized by falcons, the probability of territory persistence remained
high and close to unity, both for territories that were occupied by nonbreeders (Sy = 0.958 + 0.016SE, 95%CI =
0.914 to 0.981), or by breeding pairs (Sg = 0.991 + 0.011, 95%CI = 0.922 to 0.999). The probability of
encounter differed by state and was relatively low for territories occupied by nonbreeders (pn = 0.661 + 0.034,
95%CI = 0.591 to 0.725), but was at unity for breeders (ps = 1.00). Consistent with the possible effects of direct
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density-dependence of territory dynamics, the transitional probability that a territory remained occupied by a
breeding pair (ys-s) was generally higher than the probability of recruitment (yn-g), and both parameters
exhibited long-term declines over time (Figure 3). The trends in territory dynamics also differed among habitat
strata. The coastal habitat was first colonized by falcons, and the transitional probabilities of becoming or
remaining a breeding territory were both high (wn-g > 0.40, yg-g > 0.65) during the first 25 years of monitoring in
1976-2000. Falcons colonized new habitats after the turn of the century. In the latter period of our study period
from 2001-2017, transitions of territories from nonbreeding to a breeding state were higher in the fjord and
inland habitats (yn-s = 0.38), than the coastal habitat (yne ~ 0.29). The probability that sites remained active as
breeding territories was also high in the fjord habitat (ye-s =~ 0.67), intermediate in the coastal habitat (ys-e ~

0.46), and lowest in the inland habitat (ygs-s ~ 0.36).

Population growth. We adjusted counts of active territories by the state-specific probabilities of encounter,
which increased the estimated number of territories occupied by nonbreeders by 51% (Cn/pn, Where py = 0.661).
Due to staggered colonization of the three different habitats, our three time series for population growth of
falcons ranged from T = 11 years at inland sites to T = 41 years for the coastal habitat (Table 2). The annual rate
of population change was lowest in the coastal habitat (A = 1.04), intermediate at inland sites (A = 1.11), and
highest in the fjord habitat (A = 1.23). Overall, the annual rate of change for peregrine falcons in Norway was a
7% increase per year for the T = 41 years from 1976-2017 (A = 1.07). Based on exponential growth with an

annual lambda of 1.07, the predicted doubling time for falcon populations in central Norway is Tq = 10.2 years.

Role of contaminants. A large array of environmental pollutants have been analyzed during our study period, but
we report values for the main contaminants that are thought to be important for peregrine survival and
reproduction, including DDTs, PCBs (polychlorinated biphenyls) and dieldrin. Our dataset starts in 1976, with
two eggs from a failed clutch in south-western Norway. The mean DDT (DDE) levels in a clutch of two addled
eggs from 1976 was ca. 20,000 ppb, PCB levels ca. 30,000 ppb and dieldrin levels ca. 1,000 ppb (all wet weight,
Nygérd 1983, Figure 6). Critical levels for DDE in peregrine eggs have been estimated to be at 3,000 ppb (wet
weight), and for dieldrin (HEOD) at 700 ppb (wet weight, Newton 1988). The mean level of DDTs fell below
these critical values by the year 2000. Dieldrin has almost disappeared from peregrine eggs in Norway (Figure
6). The PCB levels have been, and still are about twice those of DDTSs, but the potential consequences of PCBs
for negative impacts on bird reproduction remain unclear. Dieldrin levels were high at the start of our study
period, but fell quickly after DDT and dieldrin were banned, and have remained low. Eggshell thickness and
eggshell indices are still not recovered back to the baseline levels observed during the pre-DDT era (Figure 6). In
the case of heavy metals, Newton and Haas (1988) reported a critical level of 3 ppm mercury (dry weight) (or
600 ng/g wet weight) in Merlins (Falco columbarius), above which productivity was affected. In our study, 6 of
42 peregrine eggs (14.2%) had concentrations of mercury above this level up to a maximum level of 880 ng/g
(Figure 6). Mercury exposure may affect a small number of breeding pairs but we conclude that mercury has

played a relatively minor role for the regional effects on productivity of peregrines in Norway.

Discussion
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Recovery of peregrine falcons in central Norway has been associated with regional changes in regulation of
agricultural chemicals in western Europe after DDT and PCBs were banned for general use. In Norway, DDT
and dieldrin were banned in 1970 and PCBs in 1980 (Holt et al. 1979), and dieldrin was banned as a seed-
dressing agent in the UK in 1975 (Walker and Newton 1999). Ring recoveries and resightings indicate that
peregrine falcons from Norway often spend the winter in the British isles (Bakken et al. 2003). After national
bans on the use of organocholorines came into effect, the levels of environmental pollutants in eggs have steadily
decreased for peregrine falcons breeding in central Norway. The levels of DDTs and dieldrin are now below the
proposed critical levels. Levels of PCBs remain higher, but they are harder to identify and quantify, and would
need more thorough examination. PCBs are known to have more subtle effects of reproductive performance,
including embryo mortality, edema and deformities (Gilbertson et al. 1991). The lack of eggs available for
analyses between 1947-76 is due to the fact that population numbers were extremely low and few pairs of

falcons were known to be present or breeders during this period (Haftorn 1971).

Exposure to pesticide chemicals, especially DDT and dieldrin were likely the main factor that caused the decline
of peregrines in Norway. Studies of the relationship between DDE levels and eggshell thickness in eggs of
raptors worldwide have consistently shown a negative relationship (Cade et al. 1971; Enderson and Wrege 1973;
Newton and Bogan 1974; Nygard 1983). Thin eggshells will often break during the brooding time (Newton
1973), and the clutch will fail. In Norway, the reduction of the shell thickness index in the two eggs mentioned
above was on average 23.3% compared to pre-1947 values. The shell thinning after the turn of the millennium
seems to be somewhere between 5 and 10%, a level that is believed not to harm reproduction. Whenever the
reproductive performance of raptors shows a shell thinning of more than 16-18% over years, population numbers
are likely to decline (Newton 1979). The effect of dieldrin is more related to direct mortality of birds (Bogan and
Mitchell 1973; Koeman et al. 1969; Newton and Bogan 1978; Reichel et al. 1969). The role of PCBs are
debated, but are thought to be a cause of death for long-lived seabirds (Bourne and Bogan 1972; Parslow and
Jefferies 1973). In contrast to DDTSs, there is no established link between PCBs and eggshell thinning, but PCBs
are known to have effects on productivity, teratogenic effects, and other sublethal health effects (Peakall 1975).
It seem safe to conclude that the reduced pesticide levels due to the ban on organochlorines such as DDTs and

dieldrin, and possible also PCBs, have been of crucial importance for the recovery of Norwegian peregrines .

The traditional strongholds for breeding populations of peregrine falcons in Nord-Tregndelag were at coastal
sites, but during the period of population recovery, their distribution changed with expansion into new habitats.
Starting in 2004-2006, some pairs established themselves in fjord areas, and during the last ten years a further
expansion into inland valleys has occurred (Figure 2). We found that the shift in range from the coast to the
inland was accompanied by reductions in the transitional probability that a territory was occupied by a breeding
pair. Moreover, we also observed a significant decrease in reproductive rate at the coast, to a point where
relatively few chicks have been produced there in the last few years, whereas productivity is better in the fjord
and inland habitats (Table 3). Therefore, the predicted doubling-time of 10 years for the national population may
increase as population growth slows. Rock faces and cliffs along the rugged coastline of Norway provide
numerous sites that are suitable for breeding, but scarcity of suitable food resources could be a limiting factor.
Long-term declines in the productivity of peregrines at coastal sites may be driven by changes in their food
resources (Figure 4). The main classes of suitable prey at coastal sites are small-bodied colonial seabirds such as

terns and gulls. The prey-related hypothesis is supported by ongoing declines reported by The Norwegian

7

This is a post-peer-review, pre-copyedit version of an article published in Ecotoxicology.
The final authenticated version is available online at: http://dx.doi.org/10.1007/s10646-019-02111-4



265
266
267
268
269
270
271
272

273
274
275
276
277
278
279
280
281

282
283
284
285
286
287
288
289
290
291

292

293
294
295

296
297

298
299

Seabird monitoring programme/SEAPOP (http://www.seapop.no/no) (Figure 5). Population numbers of

kittiwakes (Rissa tridactyla) have seen an almost catastrophic decline on the coast of Central Norway. Negative
trends have also been reported for the common gull (Larus canus) and terns (Sterna spp.), which used to be more
common on the coast. Seabirds often were a staple-food for coastal breeding peregrines, but population numbers
of prey species have been scarce and erratic during the last decades. On the other hand, the availability of
medium-sized prey such as thrushes and corvids in the fjord and inland habitats seems to be more stable and
reliable food source (Framstad 2017), and may have contributed to the shift in distribution from coastal to fjord-

and inland-breeding peregrines.

The pollutant data from peregrine eggs from the Norwegian coast indicate that exposure is now below critical
levels. Therefore, there seems to be good support for the food-related hypothesis for explaining the population
decline and poor productivity on the coast of central Norway, and also the shift from coast to fjord and inland
sites in territory occupancy and reproduction. The underlying causes of changing trophic dynamics in coast
habitats are yet to be explained; why are many of the seabird species on the Norwegian coast doing so badly?
Ongoing declines could be due to climate change, overfishing, a side of increases in aquaculture production or
other large-scale changes in the coastal landscape, or perhaps to natural changes in the North Atlantic ecosystem.
Regardless of the underlying cause, our long-term data indicate that ongoing declines in seabird numbers will

affect trophic dynamics and impact peregrine falcons as key predator.

The occupation-rate in known territories of peregrines in our Nord-Trgndelag study area lies around 70%, and no
more than 24 pairs have been known to breed in a single year. A total county estimate of 25-30 breeding pairs
suggests a current breeding density of ca. 0.11 to 0.13 pairs per 100 km?. The Norwegian breeding population of
peregrines was estimated to be between 700 and 1,000 pairs in 2013 (Heggey and @ien 2014), which is
comparable to estimates of the historical population in Norway of 500-1,000 pairs before the 1940’s (Lindberg et
al. 1988). The Norwegian population of peregrine falcons is on a trajectory to full recovery, and approaching a
carrying capacity where density-dependence might lead to population regulation. Here, we found that declines in
probability of breeding and productivity in coastal habitats were offset by population growth in fjords and inland
habitats. Continuing monitoring is needed to determine whether the dynamic distributions are unique to our

study population in central Norway or are a general feature among peregrine falcons breeding in Fennoscandia.
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Table 1. Model selection for multistrata modeling of territorial occupancy by peregrine falcons in central
Norway, 1976-2017. Territories were coded as being unoccupied (0), occupied by nonbreeders (N), or occupied
with confirmed evidence of breeding (B). The transitional probabilities of changing states (yn-s and ye-n) were
modeled as linear trends and for three different habitats (coast, fjord, and inland sites), whereas the state-specific
estimates of territory persistence (Sy and Sg) and probabilities of encounter (pn and ps) were held constant.

Model for probabilities of AlCe
changing states (y) K Deviance AlCc AAICc weights
Habitat + trend 12 810.9 862.9 0.00 0.632
Habitat x trend 16 803.6 864.4 1.45 0.307
Trend 7 826.9 868.3 5.41 0.042
Constant 6 831.3 870.6 7.70 0.013
Habitat 10 824.7 872.4 9.50 0.005
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Table 2. Estimates of the finite rate of population change () for peregrine falcons in central Norway, 1976-

2017.
Starting year Ending year
Region Year Occ. Breed N, Year Occ. Breed N;., T A
Coast 1976 0 2 2.0 2017 6 1 10.1 41 1.04
Fjord 2004 0 1 1.0 2017 7 4 14.6 13 1.23
Inland 2006 2 0 3.0 2017 3 5 9.5 11 111
All 1976 0 2 2.0 2017 16 10 34.1 41 1.07
13
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Table 3. Average reproductive rates of peregrine falcons per occupied territory per decade in three different
habitats in central Norway, 1976-2017. Reproductive rates were measured as the number of large chicks
recorded at the nest site at the end of the nesting period.

Region Decade Mean SD N
Coast 1976-79 2.00 1.08 4
1980-89 1.93 1.07 10
1990-99 1.58 0.99 10
2000-09 1.25 0.61 10
2010-17 0.64 0.39 8
Fjord 2004-09 1.33 0.57 6
2010-17 1.02 0.39 8
Inland 2006-09 0.96 1.33 3
2010-17 0.97 0.63 8
Overall 1976-2017 131 0.85 67

Study area—p

Trondheim
o

Figure 1.
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Legend to figures.

Figure 1. The study area of the former Nord-Trgndelag county (22,412 km?), Norway.

Figure 2. The cumulative number of known breeding-sites for Peregrine falcons in Nord-Trgndelag county 1976-

2017. Not all sites were occupied in any year.

Figure 3. Annual variation in the transitional probability of site becoming or remaining a breeding territory (y +
unconditional 95%CI) for sites occupied by: (A) nonbreeding birds (yn-g), or (B) breeding pairs (yg-g) of
Peregrine Falcons in three different habitats in Nord-Trgndelag county, Norway, 1976-2017.

Figure 4. Reproduction of young per occupied Peregrine territory in Nord-Trgndelag county, Norway 1976-
2017, by year and region (habitat), expressed as the number of large chicks late in the breeding season. Coast: R?
=0.256, P =0.001, Y = 79.196 — 0.039 * Year. Fjord and Inland: Not Significant.

Figure 5. Population trends for Black-legged Kittiwakes (Rissa tridactyla) at four major colonies in central
Norway 1974-2016. The count unit is number of active nests, and the index is the percent remaining relative to
numbers in the starting year. Gaps indicate years without surveys. (Source: The Norwegian Seabird monitoring
programme/SEAPOP).

Figure 6. Top panel: Mean concentrations of DDE, PCBs dieldrin and mercury (Hg) (on wet weight basis) in
eggs of Peregrine falcon in Norway, average per decade, 1976-2017, (95% C.L.). The dashed reference line is
the proposed critical level for Peregrine at 3000 ppb DDE in eggs (w.w.), above which, levels are predicted to
have a negative population effect (Newton 1988). Bottom panel: Mean reduction in eggshell thickness
(squares)(whole eggs and fragments with membranes) and eggshell index (open circles) after 1947 by decade,
based on clutch averages. x: P < 0.05, xx: P <0.01, xxx: P <0.001 (Mann-Whitney U-test), (95% C.L.). The

dashed reference line is based on measurements of eggsets from Norway collected before 1947.
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