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Abstract

Several species of owls and seed-eating birds breeding in boreal forests may occur irruptively in areas south of their regular
wintering range. One common explanation is that they may be forced to move south if food supplies have crashed (push
hypothesis). Little attention has been devoted to the alternative idea that the birds are drawn towards abundant food further
south (pull hypothesis), even if they could overwinter further north. I evaluate these two hypotheses (push or pull) using
data on winter irruptions of the Pine Grosbeak (Pinicola enucleator) and one main type of winter food, seeds in berries of
Rowan (Sorbus aucuparia). Grosbeak numbers during winter in southern Norway and Sweden usually peaked at 2-3 year
intervals during 1959-2020, and Rowanberries in Norway peaked at 2—3 year intervals during 1980-2020. Pine Grosbeak
peaks coincided with Rowanberry peaks in most years, and annual number of grosbeaks was positively correlated with the
Rowanberry index. However, even in irruption years grosbeaks moved north already in January—February, inconsistent with
the push hypothesis. Furthermore, Rowan masting in Norway and Finland usually had synchronous cycles, implying that
irruptions were triggered even when Rowans had large crops close to the most likely origin of irruptions, opposite to what
is expected by the push hypothesis. Thus, available evidence is most consistent with the pull hypothesis: Pine Grosbeaks
move south in winters with high Rowanberry abundance and exploit this resource until it is gone by mid-winter, and then
return to northern areas.
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Zusammenfassung

Masseneinfliige des Hakengimpels, die durch Mastjahre der Vogelbeere in siidliche Regionen angezogen werden
Mehrere Arten von Eulen und samenfressenden Vogeln, die in borealen Wildern briiten, konnen in Regionen siidlich ihres
reguliren Uberwinterungsgebietes in Massen auftauchen. Eine gingige Erklirung ist, dass diese Arten gezwungen sein
konnten, nach Siiden zu ziehen, wenn das Nahrungsangebot eingebrochen ist (engl. push hypothesis). Wenig Aufmerksamkeit
wurde bisher der alternativen Hypothese gewidmet, dass die Vogel durch einem reichhaltigen Nahrungsangebot weiter
stidlich angezogen werden (engl. pull hypothesis), selbst wenn sie weiter nordlich tiberwintern konnten. Ich bewerte diese
beiden Hypothesen (push- oder pull-Hypothese) anhand von Daten iiber Wintermasseneinfliige des Hakengimpels (Pinicola
enucleator) und einer Hauptnahrungsart dieser Art im Winter, den Samen der Vogelbeere (Sorbus aucuparia). Die Zahl
der Hakengimpel im Winter in siidlichen Norwegen und Schweden erreichten im Zeitraum 1959-2020 in der Regel in
Intervallen von zwei bis drei Jahren einen Hochststand. Mastjahre der Vogelbeere traten in Schweden im Zeitraum 1980—
2020 in Abstidnden von zwei bis drei Jahren auf. Spitzenwerte von Hakengimpelzahlen fielen in den meisten Jahren mit der
Mast der Vogelbeere zusammen und die jdhrliche Zahl von Hakengimpel korrelierte positiv mit dem Vogelbeeren-Index.
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Allerdings zogen die Hakengimpel auch in den Jahren mit starken Masseneinfliigen bereits Januar—Februar nach Norden,
was der push-Hypothese widerspricht. Dariiber hinaus verlief die Vogelbeerenmast in Norwegen und Finnland in der
Regel in synchronen Zyklen, was bedeutet, dass Masseneinfliige des Hakengimpels auch dann ausgelost wurden, wenn die
Vogelbeeren in der Nihe des wahrscheinlichen Ursprungs der Masseneinfliige grof3e Fruchtbestinde aufwiesen, was der
push-Hypothese widerspricht. Die vorliegenden Belege stimmen also am ehesten mit der pul/l-Hypothese {iberein: In Wintern
mit hohen Vogelbeerenaufkommen ziehen Hakengimpel nach Siiden und nutzen diese Ressource, bis diese Mitte des Winters
aufgebraucht ist, woraufhin sie wieder in ihre nordlichen Wintergebiete zuriickkehren. Hhypotheseds.

Introduction

Several species of owls and seed-eating birds breeding in
boreal forests may occur irruptively in areas south of their
regular wintering range in some years (Newton 2008, 2012).
For example, rodent-eating Northern Hawk-owls (Surnia
ulula) show cyclic irruptions to areas at the southern mar-
gin of their distribution range (Mikkola 1983; Cheveau et al.
2004). The most common explanation for this phenomenon
has been that the birds may be forced to move south if food
supplies have crashed, in particular if low food availability
follows a peak breeding season that resulted in a large popu-
lation size (Lack 1954; Svirdson 1957; Bock and Lepthien
1976; Koenig and Knops 2001; Newton 2006a). For exam-
ple, among seed-eating birds, the Northern Bullfinch (Pyr-
rhula p. pyrrhula) occurs south of the regular wintering
range when seed crops of Rowan (Sorbus aucuparia) are
low (Fox et al. 2009). In this scenario, emigrating individu-
als can be viewed as having been pushed away from their
regular range due to food shortage.

Little attention has been devoted to the alternative idea
that the birds are drawn towards abundant food in southern
areas. This pull scenario could occur if food resources show
predictable spatial asynchrony, e.g. due to climatic dipoles
(Strong et al. 2015; LaMontagne et al. 2020; Zuckerberg
et al. 2020), so that emigrating individuals consistently move
from areas with low food abundance towards areas with high
food abundance. In this case, emigration results from both
push and pull factors. On the other hand, if food resources
peak synchronously over large areas, but are more plentiful
in the south, southward emigration could be triggered by
increased food abundance in the regular range. In this case,
birds are not pushed away from the regular range because
they could overwinter in the north, but are pulled to southern
areas that have higher abundance of food. Thus, there are
at least two alternative, but not necessarily mutually exclu-
sive, hypotheses for bird irruptions in the context of food
resources; one based on the idea that birds are pushed away
from their regular range because of food shortage, the other
that the birds are pulled towards areas outside their regular
range because of abundant food. These ideas are similar to
the push—pull paradigm for explaining migration and move-
ments of humans and other mammals (Loe et al. 2009; Hoff-
mann et al. 2016; Byrne et al. 2019).
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Strong et al. (2015) found that irruptions of Pine Siskins
(Spinus pinus) conformed to both the push and pull sce-
narios, with birds leaving areas with low food availability,
and moving to areas with high food availability. Movements
of nomadic Common Crossbills (Loxia curvirostra) also fits
the idea of both push and pull factors causing long-distance
movements from areas where they have reproduced and
exploited one cone crop to another area where a new cone
crop is forming (Newton 2006b). Irruptive migration can
be seen as an extreme form of facultative migration which
in general involve species where the timing, extent and
direction of migration is highly variable and determined in
response to availability of food or weather (Newton 2008,
2012). There are also indications that even facultative migra-
tion may be influenced by photoperiod and endogenous reg-
ulation of both fat deposition and migratory activity (Watts
et al. 2017; Cornelius et al. 2021). Although both push and
pull factors may be involved in facultative migration (New-
ton 2008), there are few studies shedding light on the rela-
tive importance of push and pull factors for explaining bird
irruptions and facultative migration.

I test these two hypotheses (push or pull) using data on
winter irruptions of the Pine Grosbeak (Pinicola enucleator)
to southern parts of Norway and Sweden, and data on one
main type of winter food, seeds in berries of Rowan (Sorbus
aucuparia) in Norway and Finland. Previous observations in
northern Europe have suggested that Pine Grosbeaks occur
more commonly in winter when there is high abundance of
Rowanberries, but Pine Grosbeaks become scarce when food
has disappeared in mid-winter (Grenquist 1947; Markgren
and Lundberg 1959; Cramp and Perrins 1994). However,
quantitative analyses have not yet been conducted. From the
pull hypothesis, I predicted that peak irruption years of Pine
Grosbeaks should coincide with peak Rowanberry years
in southern Norway. The pull hypothesis further predicts
that birds should disappear from southern areas and move
northwards when Rowanberries have been consumed, even
if this takes place in mid-winter, because this hypothesis
does not assume that food availability in northern areas is
low during irruptions. However, the push hypothesis predicts
that the birds must stay in southern areas through the winter
because irruptions are assumed to occur during years with
low food availability in northern areas, and no new food is
produced in the northern range until spring. Futhermore, I
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analyse synchrony in Rowanberry crop size between Nor-
way and Finland and evaluate the likely origin of Pine Gros-
beak irruptions to assess whether irruptions may have been
pushed by low Rowanberry abundance in the areas from
where irruptions originated. The push hypothesis predicts
that irruptions should take place when Rowanberry crops in
northern areas (such as northern Finland) are small.

Materials and methods
Study area and study species

Pine Grosbeaks may occur irruptively to all parts of west-
ern and southern Scandinavia (Online Resource 1, Fig. S1),
and data were collected from western and southern parts of
Norway and from southern Sweden. In Norway, the most
northern county (Troms and Finnmark) is less affected by
irruptions, being also the main breeding area for the species
(Frantzen 1994; Online Resource 1, Fig. S2). Furthermore,
there are few birders in the northernmost parts of Norway,
in particular during the dark winter months, so there is lit-
tle data available from Troms and Finnmark. Thus, data on
irruptions were collected for counties south of Troms and
Finnmark. The data were also divided into eastern and west-
ern regions (Online Resource 1, Fig. S3). The eastern region
consisted of the counties Innlandet, Viken, Oslo, Vestfold
and Telemark, and Agder (ca. 58-62.5°N). This region has a
small breeding population (in particular in Innlandet county;
Frantzen 1994; Shimmings and @ien 2015; Online Resource
1, Fig. S2), but numbers are too small to have any significant
impact on Pine Grosbeak numbers in peak irruption years.
The western region consisted of the counties Rogaland,
Vestland, Mgre and Romsdal, Trgndelag, and Nordland (ca.
58-69°N). Although Nordland is quite far to the north (ca.
65—-69°N), the county has no breeding population of Pine
Grosbeaks, but is reached by irruptions with a more westerly
direction.

In Sweden, data were collected for landscapes north to
and including Dalarne and Hilsingland (ca. 62°N), approx-
imately the same northern limit as for eastern Norway
(Online Resource 1, Fig. S3). Landscapes further north in
Sweden have breeding populations of Pine Grosbeaks (Sven-
sson et al. 1999; Online Resource 1, Fig. S2). The breeding
distribution continues north to Troms and Finnmark in Nor-
way (ca. 69-70°N), and the latitudinal breeding distribution
range in Finland is ca. 66-70°N (Keller et al. 2020; Online
Resource 1, Fig. S2).

Most parts of Norway have cold winters with snow cover,
but coastal areas in the western region and in the far south of
the eastern region have January temperatures just above zero
with little snow cover (Statens kartverk 1996). The growth
season in the breeding areas of the Pine Grosbeak (Troms

and Finnmark, and higher elevations of Innlandet) starts in
the last half of May (Frantzen 1994; Statens kartverk 1996).
In Sweden, areas north of ca. 60°N also have cold winters
with snow cover (boreal zone), whereas areas to the south,
especially along the coasts, have less frequent snow cover
(nemoral zone).

During irruptions to Norway and Sweden, Pine Gros-
beaks are well known for eating primarily Rowanberries
(Haftorn 1971; Cramp and Perrins 1994; Bekken 2006).
During the 2019 invasion, Pine Grosbeaks were observed to
eat Rowanberries in 89% of records where food was reported
in one part of southeastern Norway (Dale 2019). Other win-
ter food may include other berries and shoots or buds of
various trees and shrubs. Rowans are distributed over most
parts of Fennoscandia, including the breeding range of Pine
Grosbeaks, but are most common in mixed forests in south-
ern areas (Rity et al. 2016). Rowan is a typical masting tree
and produces large crops at 2-3 year intervals (Kobro et al.
2003).

Pine Grosbeak irruptions

To obtain data on the number of Pine Grosbeaks observed
in each year, I searched the websites of the National Biodi-
versity Information Centre in Norway (www.artsobservasjon
er.no) and the Swedish Species Observation System (www.
artportalen.se) and extracted all Pine Grosbeak records.
These websites are online portals for reporting observations
of species, and they are open to the public. Most reports of
birds are submitted by members of BirdLife Norway and
BirdLife Sweden. Both websites are built on almost iden-
tical systems for handling species observations. The unit
used for analyses was a 'record’, i.e. one or more individuals
observed in one place at one time (at www.artsobservasjon
er.no termed 'funn’', at www.artportalen.se termed 'fynd').
The seasonal or yearly number of records was strongly cor-
related with the number of individuals recorded (see Online
Resource 1 for details).

For each year, the number of Pine Grosbeak records
included records from September—December in one year
and records from January—March in the following year. For
example, 2019 included records from the period September
2019—March 2020. Thus, years refer to when irruptions
started. Breeding season observations (April-August) were
not included. Data were collected for the period September
1959—March 2021. The number of Pine Grosbeak observa-
tions in years before this period was limited. To evaluate the
temporal pattern of occurrence, peak years were defined as
years that had more records than both the year before and the
year after. Low years were defined as years where there were
more records in both the year before and the year after. Other
years were defined as intermediate. The 2020-2021 season
was defined as a low year because 2021-2022 had large
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numbers of Pine Grosbeak again (and also large Rowanberry
crop), but total numbers were not yet ready for analysis at
the time of writing.

The number of Pine Grosbeak records in Norway and
Sweden increased over time (log-transformed number of
records; r=0.73, n=62 years, p <0.0001; Online Resource
1, Fig. S4). This was likely due to increased observation
activity or reporting (Online Resource 1, Fig. S5). The
increase in number of records was far too large to repre-
sent population increase [number of records during the last
20 years (n=30,203) was 20.4 times higher than that of the
first 20 years (n=1480)], and there is no evidence for popu-
lation increase [no significant change in Swedish breeding
population during the last 20 years (Green et al. 2021); some
range contraction and possible population decline in north-
ern Europe during the last decades (Keller et al. 2020)]. The
increase in number of records is also unlikely to be related
to other natural processes such as climate change or changes
in Rowan abundance. The larger number of records in later
parts of the time series allowed more fine-scaled analyses.
The whole period 1959-2020 was used to analyse the com-
bined data from Norway and Sweden, the period 1972-2020
allowed comparisons between Norway and Sweden, and the
period 1992-2020 also allowed comparisons between west-
ern and eastern Norway (Table 1).

Rowanberry indices

Rowanberry indices for southern Norway were taken from
the VIPS project (see https://www.vips-landbruk.no/apple
fruitmoth/) run by the Norwegian Institute of Bioeconomy
Research (NIBIO) and Norsk Landbruksradgivning (the

Norwegian Agricultural Extension Office). VIPS (Varsling
innen PlanteSkadegjgrere) monitors the risk of pest spe-
cies attacks on a number of crop species. To forecast risk
of attack by Apple Fruit Moths (Argyresthia conjugella) on
apple, the moth's alternative host Rowan has been monitored
at 59 sites in both eastern and western Norway from 1979
(Online Resource 1, Fig. S2). The number of flower clus-
ters was counted on reference Rowan trees in the vicinity of
apple orchards in May each year.

Some monitoring sites had shorter time series or several
years with missing data. First, only six sites were monitored
in 1979 compared to > 27 sites during 1980-2020. Thus,
1979 was excluded from analyses. Furthermore, 14 sites
that had < 30 years of data (mean 18.9) during the period
1980-2020 were excluded. The remaining data used for
analyses were from 45 sites [14 from eastern Norway (ca.
58-60°N), 31 from western Norway (ca. 59-62°N)] and had
data for 3241 years (mean 38.0). For both eastern and west-
ern Norway the yearly Rowanberry index was calculated
as the median number of flower clusters across sites. The
national index for 1980-2020 was calculated as the mean of
the indices from eastern and western Norway so that the two
regions were weighted equally. Peak Rowanberry years were
defined as years that had higher number of flower clusters
than both the year before and the year after.

To match the period for which data on Pine Grosbeak
could be separated into eastern and western Norway
(1992-2020, Table 1), separate Rowanberry indices for east-
ern and western Norway, as well as a national index (eastern
and western Norway combined), were calculated specific
for this period. This data set included sites that lacked at
most two years of data during the period 1992-2020, and

Table 1 Overview of data sets

g Analysis
used for different analyses

Period (years) Spatial scales

of Pine Grosbeak (Pinicola
enucleator) irruptions to
southern Norway and Sweden
and Rowanberry (Sorbus
aucuparia) indices from
southern Norway and Finland

Pine Grosbeak irruptions

Rowanberry index

Pine Grosbeak irruptions
versus Rowanberry index

Seasonal pattern of irruptions

Seasonal start and end of irruptions

Northward migration

1959-2020 (62) NO+SE
1972-2020 (49) NO versus SE
1992-2020 (29) wNO versus eNO

wNO and eNO versus SE

1980-2020 (41) NO, wNO versus eNO

1986-2014 (29) NO versus FI
1980-2020 (41) NO+SE, NO, SE
1986-2014 (29) grosbeaks NO + SE ver-
sus rowan FI
1992-2020 (29) wNO, eNO
grosbeaks SE ver-
sus rowan wNO and
eNO
1992-2020 (29) NO, SE

1992-2020 (29) NO
1992-2020 (29) wNO, eNO, SE

Spatial scales: NO Norway, SE Sweden, FI Finland, w western, e eastern
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consisted of 44 sites (13 from eastern Norway, 31 from
western Norway). For western Norway the sites included
were identical to those used for the 1980-2020 index, but
for eastern Norway 11 sites were identical whereas three
sites used for the 1980-2020 index were not included and
two additional sites were included in the 1992-2020 index.

In addition to Rowanberry indices from Norway, I used
data from Finland (Gallego Zamorano et al. 2018, their
Fig. 2). They presented Rowanberry indices from 248
sites, mostly in southern Finland, but also some northern
sites overlapping with the breeding distribution of Pine
Grosbeaks (overall, Rowanberry sites were located at ca.
60-69°N; Online Resource 1, Fig. S2). Finnish Rowanberry
sites were ca. 500—1,500 km from Rowan sites in southern
Norway. During 1986-2014, the number of Rowanberries
was estimated in early autumn, and classified on a categori-
cal abundance scale. Peak Rowanberry years were defined
as years that had a higher index than both the year before
and the year after.

Timing of irruptions and northward migration

The seasonal pattern of irruptions was analysed by summa-
rizing the number of Pine Grosbeak records for each month
during the year during the period September 1992—August
2021 (Table 1). Monthly numbers were recorded for Norway
and Sweden separately. A more detailed analysis of timing of
irruptions was made with data from Norway, using 14 irrup-
tion seasons with at least 50 records during September—
March (the 14 years included had 5,986 records, whereas
the 15 years that were excluded had 299 records). Date of
first record, and date of 50th, 75th and 95th percentile of all
records were calculated for each year.

To assess when northward movements of Pine Grosbeaks
started, I compared the proportion of the Pine Grosbeak
records for each month during October—March (there were
too few observations in September) that were in northern
versus southern counties (Norway) or landscapes (Swe-
den). I divided both the eastern and the western regions of
Norway into southern and northern parts (Online Resource
1, Fig. S3). In the eastern region I compared Innlandet
county (north, ca. 60-62.5°N) versus the other counties
(south: Viken, Oslo, Vestfold and Telemark, and Agder,
ca. 58-61°N). In the western region I compared Nordland
and Trgndelag counties (north, ca. 62.5-69°N) versus Mgre
and Romsdal, Vestland, and Rogaland counties (south, ca.
58-63°N). Swedish landscapes were also divided into north-
ern and southern parts (Online Resource 1, Fig. S3). The
southern landscapes (all landscapes north to and including
Dalarne and Hilsingland, ca. 55.5-62°N), above used to
calculate number of records during the winter, were com-
pared to all landscapes further north (ca. 62-69°N) which
also include breeding areas. The pull hypothesis predicted

that a larger proportion of the Pine Grosbeak records should
be in the south during late autumn and early winter, but an
increasing proportion should be from northern regions in
late winter due to northwards movements when food sup-
plies in the south have been consumed. Northward migration
was analysed for the period 1992-2020 (Table 1).

Statistical analyses

Pearson correlations were used to analyse the relation-
ships between annual number of Pine Grosbeak records
(log,o-transformed) between different regions, Rowanberry
indices (log,y-transformed) between different regions, and
relationships between number of Pine Grosbeak records
and Rowanberry indices (Table 1). As stated earlier, the
number of records of Pine Grosbeaks per year in Norway
and Sweden increased over time. This was most likely due
to increased observation effort or an increased reporting
frequency over time (see above). To control for this tem-
poral trend in observation and reporting effort, analyses
were conducted using detrended Pine Grosbeak data (i.e.
using residuals from a regression of number of records
(log;,-transformed) on year). Detrending was done sepa-
rately for the time periods 1972-2020, 1980-2020 (used
also for 1986-2014) and 1992-2020 (Table 1). Due to the
steady increase in number of Pine Grosbeak records over
time (Online Resource, Fig. S4), the slopes of the original
relationships between time and number of records (log-
transformed) were quite similar for each time period (0.03,
0.03 and 0.02, respectively). However, separate detrending
was done because data quality increased over time so that
detrending based on more recent time periods would allow
more accurate analyses.

The Rowanberry index in Norway showed a nega-
tive temporal trend during 1980-2020 (log,,-transformed
index; r=-0.38, n=41 years, p=0.014, Online Resource
1, Fig. S6) which could be due to either natural factors or
temporal changes in study sites, including habitat changes
and changes in methodological procedures. Analyses were
therefore based on a detrended Rowanberry index (i.e.
using residuals from a regression of number of flower clus-
ters (log,,-transformed) on year). Detrending was done
separately for the time periods 1980-2020 (also used for
1986-2014) and 1992-2020 (Table 1). The Rowanberry
index from Finland was not detrended because there was
no temporal trend (no log-transformation of data; r=0.05,
n=29 years, p=0.81).

Alternative models without detrending of Pine Grosbeak
numbers or Norwegian Rowanberry indices were also con-
ducted. First, Pine Grosbeak numbers were expressed as
the proportion of all bird observations of any bird species
submitted to the online websites for reporting bird obser-
vations that were observations of Pine Grosbeaks (Online
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Resource 1). This also represents another way of controlling
for observer effort. Second, Pine Grosbeak irruption size was
measured as the ratio between numbers in year x relative to
numbers in year X+ 1 (Online Resource 1). The alternative
models showed quantitatively similar results as the analy-
ses using detrended data (Online Resource 1, Table S1).
Thus, the main text reports the results of analyses based on
detrending. All statistical analyses were conducted in JMP
Pro version 15.

Results
Pine Grosbeak irruptions

During the period 1959-2020, the total number of Pine
Grosbeak records in southern Norway and Sweden had
peaks in 24 years, lows in 24 years, and were at interme-
diate levels in 13 years (Fig. 1). Peaks generally occurred
at 2-3 year intervals (two-year intervals: n=13, three-year
intervals: n =38, four-year interval: n=1, five-year inter-
val: n=1). In peak years there was an average number of
1,529.5 Pine Grosbeak records, whereas intermediate years
had 121.9 records and low years 58.4 records on average
(numbers not corrected for the temporally increasing trend in
number of records). The ratio between number of records in
a peak year and the following low year was on average 25.4
(median 11.0, range 1.5-238.5, n=24). The ratio was > 30
in six cases. The largest ratio was between the 2019-2020
season (18,366 records) and the following year (2020-2021
season, 77 records).

o -
T

Detrended number
of Pine Grosbeak records (log x)

1965 1975 1985

1995 2005 2015

Year

Fig. 1 Detrended annual variation in number of Pine Grosbeak (Pini-
cola enucleator) records from southern Norway and Sweden during
the period 1959-2020. For each year, the number includes records
from September—December and from January—March the follow-
ing year. Thus, e.g. 2019 includes records from the period Septem-
ber 2019—March 2020. Detrended values are residuals of log-trans-
formed number of Pine Grosbeak records regressed on year
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During the period 1972-2020, the number of Pine Gros-
beak records peaked in 20 years in southern Norway and
in 19 years in southern Sweden. Eighteen peaks in each
area were in identical years, whereas one peak in Sweden
occurred one year earlier than in Norway, and one peak in
Norway was absent in the Swedish data. Annual numbers of
Pine Grosbeak records in Norway and Sweden were strongly
and positively correlated (log-transformed and detrended
data: r=0.76, n=49, p <0.0001; Fig. 2a).

During the period 1992-2020, the number of Pine Gros-
beak records peaked in 12 years in eastern Norway and
in 13 years in western Norway. All peak years in eastern
Norway were also peak years in western Norway, whereas
one peak in western Norway was absent in eastern Norway.
Annual numbers of Pine Grosbeak records in eastern and
western Norway were strongly and positively correlated
(log-transformed and detrended data: »=0.80, n =29,
p <0.0001; Fig. 2b). Annual numbers of records were also
correlated with numbers in southern Sweden (log-trans-
formed and detrended data: eastern Norway versus Sweden:
r=0.81,n=29, p<0.0001; western Norway versus Sweden:
r=0.77,n=29, p<0.0001).

Rowanberry fluctuations

During the period 1980-2020, the Rowanberry index in Nor-
way (eastern and western Norway combined) showed peaks
in 16 years, lows in 16 years, and were at intermediate levels
in 8 years (Fig. 3). Peaks generally occurred at 2-3 year
intervals (two-year intervals: n=09, three-year intervals:
n=4, four-year interval: n=2). In peak years the index was
on average 267.2, whereas intermediate years had an index
of 103.9 and low years 38.7 on average (numbers not cor-
rected for the temporally decreasing trend of the Rowanberry
index). The ratio between the index in a peak year and in the
following low year was on average 21.6 (median 6.7, range
1.6-154.0, n=16). The ratio was > 20 in six cases. The larg-
est ratio for the Rowanberry index coincided with the largest
ratio for Pine Grosbeak records.

During the period 1980-2020, the Rowanberry index
peaked in 15 years in eastern Norway and in 17 years in
western Norway. Thirteen peaks were in identical years.
Eastern and western Norway were out of phase during six
years (the periods 1985-1987 and 1991-1993). Annual
Rowanberry indices in eastern and western Norway were
strongly and positively correlated (log-transformed and
detrended data; r=0.87, n=41, p<0.0001).

During the period 1986-2014, the Rowanberry index
peaked in 10 years in Finland and in 11 years in Norway.
Seven peaks were in identical years, all of these were in
the period 1989-2006. Indices were out of phase with each
other during 2008-2013 (three years had peaks in Finland
and lows in Norway, three years had lows in Finland and
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Fig.2 Correlations between different regions in Scandinavia in
detrended annual number of Pine Grosbeak (Pinicola enucleator)
records: a numbers in southern Norway in relation to numbers in
southern Sweden during 1972-2020, and b numbers in western Nor-
way in relation to numbers in eastern Norway during 1992-2020.
Detrended values are residuals of log-transformed number of Pine
Grosbeak records regressed on year

peaks in Norway). Norway had one peak in 1987 which was
an intermediate year in Finland. Despite the six years with
opposite patterns, the annual Rowanberry indices in Finland
and Norway were positively correlated (log-transformed and
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Fig.3 Detrended annual variation in Rowanberry (Sorbus aucu-
paria) index from southern Norway during the period 1980-2020.
Detrended values are residuals of log-transformed number of Rowan-
berry flower clusters regressed on year. Peak years of the Rowanberry
index that coincided with peak years of Pine Grosbeak (Pinicola enu-
cleator) records are marked with asterisks
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Fig.4 Rowanberry (Sorbus aucuparia) index from Finland during
1986-2014 in relation to detrended Rowanberry index from southern
Norway. Detrended values are residuals of log-transformed number of
Rowanberry flower clusters regressed on year

detrended data for Norway only; r=0.66, n=29, p <0.0001;
Fig. 4).
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Pine Grosbeak irruptions in relation to Rowanberry
indices

During the period 1980-2020, both the total number of Pine
Grosbeak records in Norway and Sweden and the Rowan-
berry index in Norway peaked in 16 years. Eleven of these
peaks were in identical years (Fig. 3). Four Pine Grosbeak
peaks occurred when the Rowanberry index was at a low
level and one at an intermediate level of Rowanberries.
The observed number of Pine Grosbeak peaks matching a
Rowanberry peak (n=11) and the number of Pine Grosbeak
peaks not matching a Rowanberry peak (intermediate plus
low Rowanberry years; n=>5) differed significantly from a
random expected distribution based on the number of peak
(n=16; see above) and intermediate plus low (n=24) Row-
anberry years (X2 =5.51,df=1, p=0.019). Pine Grosbeaks
were generally in phase with Rowanberry peaks during the
period 1987-2006, out of phase with Rowanberry peaks
in particular during 2008-2013, and in phase again during
2014-2019 (Fig. 3).

During the period 1980-2020, the total number of Pine
Grosbeak records in southern Norway and Sweden was
positively correlated with the Rowanberry index in Nor-
way (log-transformed and detrended data; r=0.46, n=41,
p=0.0024; Fig. 5a). The relationship between the number
of Pine Grosbeak records and the Rowanberry index was
also significant for Norwegian Pine Grosbeak data (log-
transformed and detrended data; r=0.43, n=41, p=0.0046)
and Swedish Pine Grosbeak data separately (log-transformed
and detrended data; r=0.46, n=41, p=0.0024). Analyses
using only peak Pine Grosbeak years (n=16) in Norway and
Sweden indicated that the size of irruptions was positively
and marginally non-significantly related to the size of the
Rowanberry crop in Norway (log-transformed and detrended
data; r=0.43, p=0.098).

During the period 1986-2014, the total number of Pine
Grosbeak records in Norway and Sweden peaked in 12 years
and the Rowanberry index in Finland peaked in 10 years. All
Rowanberry peaks in Finland were also peak years for Pine
Grosbeaks in Norway and Sweden. The two other Pine Gros-
beak peaks had intermediate Rowanberry index in Finland.
The observed number of Pine Grosbeak peaks matching
Rowanberry peaks or not differed significantly from a ran-
dom expected distribution (X2 =11.05, df=1, p=0.0009).
Notably, during the period 2008—2013, when Pine Gros-
beaks and Rowan in Norway were out of phase with each
other (see Fig. 3), Pine Grosbeaks had all three peaks identi-
cal with Rowanberry peaks in Finland. The number of Pine
Grosbeak records in Norway and Sweden during the period
1986-2014 was positively correlated with the Rowanberry
index in Finland (log-transformed and detrended data for
Pine Grosbeak only; r=0.60, n=29, p=0.0007; Fig. 5b).
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Fig.5 Detrended annual number of Pine Grosbeak (Pinicola enu-
cleator) records from southern Norway and Sweden in relation to
Rowanberry (Sorbus aucuparia) index a from southern Norway dur-
ing 1980-2020 (detrended), and b from Finland during 1986-2014.
Detrended values are residuals of log-transformed numbers of Pine
Grosbeak records and Rowanberry flower clusters regressed on year

During the period 1992-2020, the number of Pine Gros-
beak records in southern Norway was positively correlated
with the Rowanberry index in Norway (log-transformed and
detrended data; r=0.56, n=29, p=0.0017). The relation-
ships between the number of Pine Grosbeak records and
Rowanberry indices were also significant for eastern Nor-
way (log-transformed and detrended data; r=0.56, n=29,
p=0.0015) and western Norway separately (log-transformed
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and detrended data; r=0.40, n=29, p=0.031). Annual num-
ber of Pine Grosbeak records in Sweden was also correlated
with both the Rowanberry index from eastern Norway (log-
transformed and detrended data; r=0.53, n=29, p=0.0030)
and western Norway (log-transformed and detrended data;
r=0.53, n=29, p=0.0029).

Seasonal timing of irruptions

Irruptions to southern Norway usually started in Septem-
ber—October (yearly first observations: median: 27 Septem-
ber, range: 3 September—25 October, n= 14 years), peaked
in November, and numbers declined rapidly during Janu-
ary—February (Fig. 6a). The median date of records was 6
December (range 11 November—10 January, n= 14 years).
The 75th percentile of records was reached at 11 January
(range: 28 November—=8 February) and the 95th percentile

at 23 February (range: 28 January—17 March). In Sweden,
irruptions also peaked in November, but remained fairly high
through December and into January, but thereafter declined
rapidly (Fig. 6b).

Northward migration

The decline in the number of Pine Grosbeak records dur-
ing January—March (Fig. 6) was related to a northward shift
in Pine Grosbeak records (Fig. 7). In eastern Norway, the
monthly distribution of the records in the most northern
county (Innlandet; n =790 records) was significantly dif-
ferent from the distribution of records in southern counties
(n=2,880 records; X2 =294.59, df=5, p<0.0001; Fig. 7).
Similarly, in western Norway, the monthly distribution of the
records also differed between northern counties (Trgndelag,
Nordland; n=2,132 records) and southern counties (n=503

Fig. 6 Monthly number of Pine 3000 [— T
Grosbeak (Pinicola enucleator)
records from a southern Nor-
way and b southern Sweden in
relation to time of year during
the period September 1992—

August 2021 2000
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Fig.7 Proportion of monthly number of Pine Grosbeak (Pinicola
enucleator) records during 1992-2020 that were from the northern
part of each region of Norway (eastern region: Innlandet county;
western region: Nordland and Trgndelag counties), and Sweden (all
landscapes north of Dalarne and Hilsingland). The total included
southern counties (eastern Norway: Viken, Oslo, Vestfold and Tele-
mark, and Agder counties; western Norway: Mgre and Romsdal,
Vestland, and Rogaland counties) and landscapes (Sweden: all land-
scapes north to and including Dalarne and Hilsingland). September is
excluded due to few Pine Grosbeak records

records; X2 =115.16, df=5, p<0.0001; Fig. 7). The same
pattern was also present in data from Sweden (northern land-
scapes: n= 12,437 records; southern landscapes: n=31,165
records; X2 =3129.65, df=5, p<0.0001; Fig. 7).

Discussion
Pine Grosbeaks and Rowanberries

Pine Grosbeak winter numbers in southern Norway and
Sweden showed large fluctuations with peaks at 2-3 year
intervals, although peak years varied substantially in abso-
lute numbers. The fluctuations were synchronous across
southern Scandinavia. Rowanberries also peaked at 2—-3 year
intervals, and the fluctuations were synchronous between
eastern and western Norway. In most cases Pine Grosbeak
peaks coincided with Rowanberry peaks (11 out of 16 peaks
during 1980-2020, 69%). However, Pine Grosbeak peaks
were out of phase with Rowanberry peaks in Norway during
2008-2013. This was related to a temporary disruption of
large-scale synchrony in Rowan masting because the Row-
anberry indices for Norway and Finland, although being
synchronous during 1989-2006, were asynchronous during
2008-2013 (see also further in the paragraph 'Spatial extent
of synchrony of Rowan masting'). Because of this, Pine
Grosbeak peaks in southern Norway and Sweden actually
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matched Finnish Rowanberry peaks better (10 out of 12
peaks during 1986-2014, 83%). The finding that the Row-
anberry indices in Norway and Finland were strongly cor-
related despite one period of asynchrony is notable because
Norwegian Rowanberry indices were based on flower clus-
ters in May which may not always be directly related to ber-
ries (e.g. if frosts damage some flowers), whereas the Finn-
ish indices were based on actual counts of berries in early
autumn. This suggests that flower clusters predict Rowan-
berry abundance well, and that Rowan masting is normally
highly synchronous across Fennoscandia as also noted ear-
lier (Kobro et al. 2003).

Despite the six-year period when Pine Grosbeak peaks
did not coincide with Rowanberry peaks in Norway, there
was a positive correlation (r=0.43) across all years between
the number of Pine Grosbeak records and the Rowanberry
index in Norway. There was an even stronger correlation
(r=0.60) between the number of Pine Grosbeak records and
the Rowanberry index in Finland. Furthermore, there was
also a marginally non-significant trend that irruption size
within only peak years was correlated with the Rowanberry
index. The correlations between the number of Pine Gros-
beak records and the Rowanberry index in Norway were also
significant for three separate regions (western and eastern
Norway, and Sweden). Thus, these results support the pull
hypothesis: in general, Pine Grosbeaks migrate to southern
Scandinavia during autumn in years when the Rowanberry
crop is large.

Timing of irruptions

A main prediction from the push hypothesis in the context of
food resources was that irruptions should be triggered by low
food availability in the regular (northern) wintering areas.
Findings relevant to this prediction are discussed below
(see further in the paragraph 'Spatial extent of synchrony
of Rowan masting'). However, the push and pull hypoth-
eses also differed in their predictions regarding the timing of
irruptions, specifically that the hypotheses differed regard-
ing the amount of food available to the Pine Grosbeaks in
the regular wintering areas. The push hypothesis assumes
that irruptions are triggered by low food availability in the
northern areas so that they must remain in southern areas
until spring when new food becomes available, whereas
according to the pull hypothesis irruptions may occur even
when there is enough food to winter in the north, and, hence,
birds may return north as soon as the food in southern areas
is depleted. I found that irruptions peaked in November and
that numbers decreased as early as January—February. There
was also evidence that northward movements started already
in January—February. However, note that there was consid-
erable variation in when Pine Grosbeak numbers started to
decrease; e.g. the 75th percentile of records varied from 28
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November—~8 February, suggesting that northward migra-
tion was temporally flexible, likely related to when food was
depleted.

The timing of irruptions was based on analyses of how far
south the bulk of the Pine Grosbeaks were observed (Fig. 7).
The southern parts of the study area included the southern-
most parts of Norway and Sweden. Pine Grosbeaks occur
only exceptionally south of the study area with very few
records in Great Britain, Denmark and Germany (Cramp and
Perrins 1994). Thus, lower numbers in southern Norway and
Sweden from January—February clearly indicate northward
migration, and not that they have moved further south.

The finding that northward migration started already in
January—February is in line with the prediction from the
pull hypothesis that Pine Grosbeaks stay in southern Fen-
noscandia until Rowanberries are depleted. Rowanberries
are eaten by several other bird species (notably Bohemian
Waxwing Bombycilla garrulus, thrushes Turdus spp., Com-
mon Starling Sturnus vulgaris, and Eurasian Bullfinch), and
in Finland crops may, at least locally, be depleted as early
as November—December (Suhonen and Jokimiki 2015;
Suhonen et al. 2017). Rowanberries in southern Norway
have also generally been consumed by birds by late autumn
or early winter (S. Dale, personal observations; Dale 2019).

The push hypothesis predicted that Pine Grosbeaks
should stay in southern areas until spring when new food
may become available again in northern areas. Spring migra-
tion could then potentially start in March—April when snow-
melt has begun, although the growth season in the breeding
areas of the Pine Grosbeak starts in the last half of May
(Frantzen 1994; Statens kartverk 1996). Thus, the timing of
irruptions and northward migration of Pine Grosbeaks did
not fit the push hypothesis.

An important question given the finding that Pine Gros-
beaks moved north already during mid-winter, is what
kind of food they utilize when they have returned to north-
ern areas. In addition, the 2-3 year intervals in irruptions
indicate that most Pine Grosbeaks stay the whole winter
in northern areas more than every second year. Pulliainen
(1974) found that the winter food of Pine Grosbeaks dur-
ing February—April in northeastern Lapland in Finland at
almost 68°N was to a large degree buds from Norway Spruce
(Picea abies). Pulliainen (1974) did not specify whether the
buds were for vegetative shoots or for reproductive shoots
(male and female flowers), but chemical analyses indicated
that the nutrient content of the buds was higher than that of
spruce seeds in that year. Newton (1972) stated that buds
from several different trees forms a large part of the winter
diet in years when fruits and berries are scarce. Thus, use of
buds from spruce and other trees indicates that Pine Gros-
beaks may have a large food supply available in every winter,
although Rowanberries may be preferred if available.

In conclusion, the results indicated that Pine Grosbeaks
moved south to take advantage of large Rowanberry crops,
but returned north already during mid-winter. Returning
north during mid-winter implies that northern areas have had
food available through the whole winter, likely in particular
in the form of spruce buds. This is in contrast to the push
hypothesis which assumes that irruptions occur when food
is scarce. However, a full evaluation of the push hypothesis
also needs to take into account the origin of irruptive Pine
Grosbeaks, and the extent of spatial synchrony of Rowan
masting (see following paragraphs).

Origin of Pine Grosbeak irruptions

Cramp and Perrins (1994) argued that the number of Pine
Grosbeaks involved in irruptions to southern Fennoscandia
was too large to be accounted for by the breeding popula-
tion in northern Fennoscandia. They therefore assumed that
irruptions come from Russia although no long-distance ring-
ing recoveries were known. The assumption that irruptions
come from the east, i.e. Russia, has been repeated many
times later (e.g. Ullman 1999).

However, Sundberg (2001) argued that several irruptions
have affected Sweden without affecting Finland (which is
between Sweden and Russia), and therefore point to a pos-
sible origin in northern Fennoscandia. Nilsson (2019) ana-
lysed Pine Grosbeak occurrence and movements during the
large irruption in 2019, and noted that the irruption was
large in Norway and Sweden, but not in Finland, and sug-
gested that the Pine Grosbeaks came from northern Fennos-
candia. This interpretation was supported by observations in
southern Norway during 2019 of four Pine Grosbeaks ringed
in northern Sweden and Finland during previous breeding
seasons (Winnem 2021). There have been similar disagree-
ments regarding the origin of other boreal bird irruptions.
Northern Hawk-owl irruptions have been claimed to come
from Russia, but analyses have indicated that a northern Fen-
noscandian origin is more likely, at least during the irrup-
tions investigated in detail (Hagen 1956; Dale 2017).

The breeding population size of Pine Grosbeaks in Fen-
noscandia may amount to ca. 20,000-30,000 pairs [Norway:
500-1,000 pairs (Shimmings and @ien 2015); Sweden:
10,000 pairs (Ottosson et al. 2012); Finland: 10,000-20,000
pairs (Valkama et al. 2011)]. Assuming two surviving young
per breeding pair, the total autumn population size of the
Fennoscandian population may be ca. 100,000 individu-
als. There are few estimates of the number of individuals
involved in irruptions, but Svensson (2001) suggested a
crude estimate of at least 100,000 individuals during the
large irruption in 1976-1977 (the largest among irruptions
analysed in the present study, see Fig. 1). Thus, total popula-
tion size in Fennoscandia may be large enough to account for
many irruptions. In conclusion, the origin of many irruptions
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may therefore have been northern Fennoscandia, and not
necessarily Russia.

Spatial extent of synchrony of Rowan masting

The main prediction from the push hypothesis is that
irruptions occur when there is crop failure in the regular
(northern) wintering areas. Rowanberries are a main type
of food in winter for Pine Grosbeaks (Cramp and Perrins
1994), and also the main type of food that shows large fluc-
tuations from year to year. Thus, Pine Grosbeak irruptions
would be expected to occur when Rowan trees have small
crops in northern areas, and, as argued above, specifically
in northern Fennoscandia. Given that irruptions generally
occurred when Rowanberries were abundant in southern
Fennoscandia, the push hypothesis implies an asynchrony
between Rowanberry numbers in northern and southern
Fennoscandia.

However, available evidence suggest that Rowan masting
is synchronous across large parts of Fennoscandia. Kobro
et al. (2003) found that masting was spatially synchronous
in Norway (between western and eastern Norway using an
early part of the same data set as used in the present study),
and based on identical years of peak crops and crop failures
in Norway and Finland they argued that masting of Rowan
is synchronous across Fennoscandia. Following the results
of Kobro et al. (2003), Fox et al. (2009) based their analyses
of bullfinch irruptions on a high level of masting synchrony
of Rowan throughout the Nordic countries. The results of
the present study confirmed that masting was synchronous
between Norway and Finland in most years, although there
was a period of asynchrony during 2008-2013.

Koenig and Knops (2000) found that in general both
masting in multiple tree species in the Northern Hemisphere
and climatic variables were spatially synchronous over dis-
tances up to ca. 1,000 km (see also Koenig and Knops 1998).
Gallego Zamorano et al. (2018) found that annual crop size
in Rowan (and other tree species as well) in Finland was
also spatially synchronous at scales up to 1,000 km. Fur-
thermore, they found that the main driver of synchrony
was spring and summer temperatures, and temperature was
spatially autocorrelated across most parts of Fennoscandia,
the Baltic countries and western Russia (Gallego Zamo-
rano et al. 2018; see their Supplementary Fig. Al). Thus,
available evidence suggests that Pine Grosbeak irruptions
occur when Rowanberries have masting years in both the
southern wintering areas of Pine Grosbeaks and the most
likely northern breeding areas of Pine Grosbeaks, contrary
to the push hypothesis. Specifically, irruptions occurred in
years when Rowanberry crops also peaked in large parts of
Finland, close to the main breeding areas of Pine Grosbeaks
in Fennoscandia. The observation that irruptions continued
south to southern Norway and Sweden even during the
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6-year period of asynchrony, when Pine Grosbeaks therefore
arrived in years with low Rowanberry abundance in southern
Norway, strongly suggests that irruptions were triggered by
Rowanberry masting in northern areas. This is opposite of
what is expected from the push hypothesis for Pine Grosbeak
irruptions.

The main remaining possibility for the push hypothesis
to be relevant for explaining Pine Grosbeak irruptions in
southern Scandinavia is that irruptions originate from areas
further east in Russia where Rowan seed production may be
asynchronous with seed production in Fennoscandia. How-
ever, as reported above, there is no direct evidence that irrup-
tions come from that far away. In conclusion, there is little
evidence that Pine Grosbeak irruptions can be explained by
the push hypothesis, whereas there was strong evidence that
irruptions are linked to Rowanberry peaks, thereby support-
ing the pull hypothesis.

General theories for bird irruptions are also based on the
idea that high population density after good breeding sea-
sons may contribute to triggering irruptions. However, in
the case of the Pine Grosbeak, population size alone cannot
explain irruptions because yearly winter numbers fluctuated
with a factor of 11-25 (median and mean, respectively, of
ratio between peak and low years). For a single-brooded spe-
cies with a clutch size of usually four eggs (Cramp and Per-
rins 1994), yearly variation in breeding success cannot cause
such large fluctuations in winter numbers. In conclusion,
large numbers of Pine Grosbeaks in southern Scandinavia
in some years appears unlikely to be related to population
fluctuations of the breeding population in northern Fennos-
candia, unlikely to be due to irruptions from populations
further east in Russia, and occurred in years with high food
availability, contrary to the push hypothesis.

Pine Grosbeak responses to Rowan masting

The most likely scenario that irruptions occur when the
Rowan is masting across Fennoscandia raises the question
why Pine Grosbeaks move far south in years when there
is an abundance of Rowanberries everywhere, including in
the regular wintering areas in the north. However, there is
strong competition from other bird species for Rowanberries
(see above), and Rowanberries may become depleted already
during autumn. Suhonen and Jokiméki (2015) found that
more than half of Rowanberries in three sites in Finland at
latitudes of 60-66°N had been taken by Fieldfares (Turdus
pilaris) and Bohemian Waxwings already by mid-October,
and most berries were gone by early November. Because
Rowans are more common in mixed forests in southern
Fennoscandia than in boreal coniferous forest in northern
Fennoscandia (Rity et al. 2016), and because Rowan and
related species are often planted close to people, the total
abundance of Rowanberries is likely larger in southern than
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in northern Fennoscandia. Thus, a tactic of moving slowly
southwards and deplete Rowanberries on the way may lead
to Pine Grosbeaks constantly lagging behind in the competi-
tion for Rowanberries, and when finally arriving to southern
areas late in the season, there may be only small amounts
of berries left.

Because of competition for Rowanberries, I suggest that
the best tactic for Pine Grosbeaks in order to gain access
to a plentiful resource, is to move south quickly if they see
that Rowans are masting in northern areas. This will enable
them to reach areas with large supplies before other species
and other Pine Grosbeaks have consumed all Rowanberries.
The idea is that moving south slowly will result in poorer
access to resources than moving south quickly and early.
Rapid migration has been noted in several irruptions, with
birds appearing in most of southern Scandinavia within
1-2 weeks after the first records (Sundberg 2001; Falken-
berg 2020). The cost of migrating long distances in a short
time may be compensated for by better access to food. There
may be additional benefits of moving south such as lower
thermoregulatory costs and longer daylength to meet energy
demands which could improve survival, although predation
risk could increase (McKinnon et al. 2010).

After migrating south, the Pine Grosbeaks should there-
after stay in southern areas until foraging profitability drops
to a level similar to or lower than they may expect if return-
ing north. The tactic of responding to Rowan masting in
breeding areas with irruptions would work in most years
due to the large-scale synchrony of Rowan masting. In the
short period of asynchrony during 2008-2013 irruptive Pine
Grosbeaks did not encounter peak Rowanberry numbers in
southern Scandinavia, but note that low years in this period
had more Rowanberries than in many other low years (see
Fig. 3), so the Pine Grosbeaks may still have been able to
find some Rowanberries. In conclusion, this study provided
evidence that Pine Grosbeak irruptions are pulled by high
Rowanberry abundance in southern areas, and not triggered
by low food abundance in northern areas as proposed by the
push hypothesis.
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