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Cover photos by Ragnhild Bj¢ rk&Es; Pigddtcher Ficedula hypoleuca) throughdifferent

stages of development, summer 2016.
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The three boxesting passerine bird species pied flycatcher, ¢jteatd common redstart

breed at their distributional limit in Troms, Northern Norway. Access to food and favourable
weather conditions is expected to be of importance for thedtirdsding population

dynamics. In the same area, geometrid moth larvaeriexe cyclic population outbreaks at
approx. 10 year intervals, constituting a superabundant and potentially important source of
food for insectivorous birds durinebreeding season. To assess if the birds« breeding
population dynamics could be expiad by moth larval densities and summer temperatures,
we conducted yearly inspections of nest box occupancy and moth larval counts during a
period of 13 years at 12 study sites, and obtained temperature measurements from nearby
weather stations. Result®i GLMM models with a logit link function suggested a moderate
positive numerical response of the bird community to high moth larval densities. The
response was species specific, with the great tit showing the most consistent l@sponse
indicating that ths species is probably more dependent on moth larvae during breeding season
than the other two bird species. The bird community also showed a positive numerical
response the year after high summer temperatures, likely because it caused higher breeding
succas and subsequent higher return rates of breeding birds. It was concluded that the focal
bird community was positively affected by high moth larval densities and summer
temperatures, but that other factors were probably also limiting on breeding population
densities due to the moderate response.

Key words:Ficedula hypoleuca, Parus major, Phoenicurus phoenicurus, Operophtera
brumata, Epirrita autumnata, Agriopis aurantiaria, moth larvae, temperature, breeding

population dynamics, numerical resise. ,
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Introduction
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The size of a population dependent on the demographic processes of birth, death and
migration(Begon et al. 2006)Ihese processes can be affected by several factors, such as
access to food and other resources, competition from other species, pradaparasitism

or diseaseintraspecific interactions and environmental disturba(esvton 1998, Sinclair

and Krebs 2002)Different populations and species can be structured to different degrees by
these factors, and it is debated whether bottpnor topdown control is more imgrtant. It is
suggested by Sinclair and Kref@002)that the primary limitation to the growth rate of a
population is food, possibly modified by the other factors. This is also proposed to apply for
bird populations, and there is reason to believe tHatismt access to food is especially
important during the breeding season. Breeding birds need food for the development of eggs
for the incubation period, to feed theestlings, and to stay alive themselves while doing so
(Lundberg and Alatalo 1992)

An important source of food for passerine birds during the breeding season is lepidoptera
larvae. This has been shown by multiple studies, among others by1988% who found in

a comparative study that lepidoptera larvae was the prey type most frgqiesnl to

nestlings of pied flycatcheF{cedula hypoleuca). This is confirmed in a study by Burger et

al. (2012) which also revealed that nestlings of pied flycatcher receiving more larvae
experienced better growth. Some species of lepidoptera largagence occasional mass
outbreakgMyers and Cory 2013, Tenow 197Bading to a periodically superabundant

source of food for insectivorous birds. The relationship between these outbreaks and
population density of passerine birds have been investigasaveral studies. The

population density of some bird species have been shown to be quite strongly coupled to the
population cycles of geometrid moth larvae, e.g. the relationship befipéena autumnata

and brambling Kringilla montifringilla) (Enema et al. 2004Hogstad 2000, Lindstra et al.

2005) while others show a weaker relationship, or no relationship @raimar et al. 2004)

A numerical response can happen in two ways, either directly through immigration of birds to
an area of high larvaensity, or with a delayed effect if the demographic processes
reproductive success or survival is affediddwton 1998)

There are many species of passerine birds living in the mountain birch forest of Northern
Norway. Some of them are resident yeand, others only during breeding season. Three of

the species having Northern Norway as an important breeding area, are the dieaistit (
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major), the pied flycatcheand the common redstaRHoenicurus phoenicurus). This area is
at the northern distsution limit for all three specig$iagemeijer and Blair 1997, Hauge
1994, Lifield 1994) They became more common in the area during the@6tury, and at
least for the great tit this is suggested to be explained by a rise in winter temperatures
(Haftom 1971) The great tit in the area is a partial and shamge migran{Haftorn 1971)
while the pied flycatcher and the redstart are {oaigge migrants, and spend winter in Africa
north of the Sahar@dogstad 1994, Lifjeld 1994All three species ar@sectivorous during
the breeding season, with various caterpillars as an important part of the nestlings« diet
(Haftorn 1971, Slagsvold 1975)hey are also frequent inhabitants of nest boxes, but have
some differences concerning their breeding stralsgyg. that the great tit has clutches of
almost twice the size of the other two spe¢isftorn 1971 undberg and Alatalo 1992,
Perrins 1979)

Northern Norway and Fennoscandia also represent the northern distributional limit of three
species of geometrichoth: E. autumnata, Operophtera brumata andAgriopis aurantiaria.

These species experience population outbreaks at intervals of approximately 10 years, and
their larvae emerge and forage on birch leaves-tbigeks in springJepsen et al. 20115.
autumnata IS @ native species, whi® brumata has expanded its distribution northwards into
the area in the end of the™entury(Tenow 1972)In recent decades, both species have
expanded their outbreak range, meaning the geographical area wheregptresner

population outbreak@epsen et al. 2008). aurantiaria invaded this region quite recently,

the first outbreak being recorded in 260306. These expansions are probably happening as a
response to warmer springs allowing earlier hatching of agd<onsequently better match
with budbursiJepsen et al. 201,1and/or milder winters that allow better survival of eggs
(AmmunZt et al. 2012, Jepsen et al. 2008 large outbreaks of geometrid moths in the

birch forests of Northern Norway constitatéarge source of food for the insectivorous birds
breeding in the area.

Spring temperature normally has an influence on both moth and bird phenology. Hatching and
development of moth larvae happen earlier and faster with higher tempefAgtressand

MacLean Jr 1987, Embree 1970, Jepsen et al. 2dddrnmer springs can lead to earlier onset

of breeding for the bird@/isser et al. 2009)and warm summers have been found to increase
breeding succeg3 hingstad et al. 2006 old weather and precipitatialuring the nestling

phase can be negative for the birds« breeding success, e.g. if the female needs to spend more
time on the nest and less time feeding the nest{lrggins 1979)Poor breeding success has

2
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been shown for both the great tit and the figchtcher in northern latitudes in a cold and
rainy summer, even though the redstart managedidlen et al. 1982)

Based orl3 years of observations of artificial nest boxes at 12 study sitesrihdxn

Norway, | will examine to what extent theeeding population dynamics the three

passerine bird species at their northern distribution margin can be explained by the cyclic
population dynamics of geometrid moth larvae, and-aterual variation in spring

temperature. The questions that will lseligessed in this study, for each bird species

separately and for the three species combined (i.e. considered as a community), are: 1) Are
the birds« breeding populations responding numerically to moth population dynamics? 2) Are
the birds« responses speagpecific? 3) Does temperature influence breeding density?

| expect that the birds« breeding populations will experience a positive response to high
densities of moth larvae. Due to differences between the three bird species, | predict that their
responss will differ, and that the great tit will have the strongest response to more abundant
food. This assumption is based on the larger clutch size of the great tit, and that earlier studies
have found that it seems more dependent on caterpillars in thkatighe other two species
(Cholewa and Wesolowski 2011, Haftorn 1971, Slagsvold 19&mhperature is expected to

have a positive effect on breeding density, based on other studies finding low temperatures
and bad weather to be negative, and warm sumiménsrease breeding succé€bliden et

al. 1982 Perrins 1979, Thingstad et al. 2008)response coulde either direct, to larval

densities or temperatures the same year, or delayed, to larval densities or temperatures the
previous year. A direct respse is expected if more birds settle to breed in an area of high

moth larval densities or good weather conditions, while a delayed response is expected if such
conditions increases breeding success and the subsequent return rate (i.e. a demographical

respmse).



Methods

B, C($6&-1 ,

BD@S$4-. #(# #l--(1%3/

The study is part of an ongoing project for lelegm monitoring of geometrid moth
population dynamics, and is therefore based on an already established study design. The
monitoring project has been carried out sinc@By theBirchmothresearch group &tiT D

the Arctic University of Norwayand the Norwegian Institute for Nature Research

The study is conducted in saloctic mountain birchBetula pubescens, spp.czerepanovii)
forestin northern Norway, Troms county (8D« to 7003«N; 18to 20 E). Because of the
proximity to the coast, the climate is oceanic, with small differences between summer and
winter temperatur@ms et al. 2004, Moen 1998yhenomal meartemperature between

1961 and 1990 wag.4" and 11.8" in January and July, respectivé MET Norway,

2017)
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Figure 1: Map of the study area, showing the location of the 12 study sites (black dots) in the coastaitdi§tFroms
county. The design was already established for monitoring of moth density, and the-gnialalahd transect pairs will in
this study be treated as 12 separate replicates.

|
The study desigwasmade up of 12 study sitesrganizedspatiallyin 6 pairs(Figure 1) with

one site on the mainland or a large island, and one site on &issiafid This wasa part of
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the already established study design, and the 6\panesin this study instead treated as 12
separate replicates. The two sitegach pair were separated by a distance of 4 to 9 km, and
at least 15 km of open sea or treeless mountain hahkatad different pairs were separated by
a minimum of 13 kn{ims et al. 2004)

In 1999, a 1.8 km long transect containing 10 permanent sangtéitions was established at

all 12 study sites. The sampling stations prodisieecific locations for monitoring of moth
density, placed every 200 m along the transect Niest boxes were installed at all stations in
April 2004.Each station hadwo nest boxes placed approximately 2 m above ground, in
parallel with the transect approximately-20 m from the midpoint of the station, depending

on the availability of trees of sufficient size to mount the boxeJ bea boxes had a

dimensionof 25 (h) * 14(w) * 14 (d) cm, and were painted in a grey colour that did not stand
out between the trunks of the birch trees. The tfoea bird species have differing

preferences regarding hole size of the nest boxes. The pied flycatcher usually prefers a
smaller hée of approximately 30 mm, probably to avoid predatiaiomdberg and Alatalo

1992) The great tit normally uses the same type of box, while the redstart is more likely to
nest in a box with a wider hole: 40 mm or lar()éedum 1996) To facilitate nestingttempts

from all three species, the two boxes in one sampling station had holes of differeBiosizes

of 32 mm and one of 50 mm in diameter. Broken boxes with large holes were in some cases
replaced by a box with a small sized hole, this resultectiraage in hole size for 7 boxes. In
the transect located on Reingy, all boxes had small holes from 2009 because they also took
part in another study design (10 boxes changed size).

BDB!$4-.,1"(0%(1

The pied flycatcher is a small passerine bird, with a leag#pproximately 13 crfHaftorn

1971) It is a long distance migratory species, with the breeding population distributed across
Europe in summer, while overwintering in Africa north of the equator. It occurs in forests
across most parts of Norwéllaftorn1971) It breeds in natural holes in trees, and can nest in
all types of forest as long as there are suitable tjbisld 1994). It is easily studied during
breeding season, because it often prefers artificial nest boxes over naturélinotierg

and Alatalo 1992) The pied flycatcher is mainly insectivorous. Among the food most
commonly fed to nestlings are lepidoptera larftaendberg and Alatalo 1992put it seems

to adapt its diet to the type of habitat and the conditions where it lives (Bsgelt&2!, read

in Slagsvold 1975). It raises only one brood per season, which is normally fed by both
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parents. The female lays one egg per day, in the study area namtbé#yfirst half of June
until the final clutch size of approximately/eggs is rached. The eggs are incubated for 13
15 days, and the nestlings remain in the nest for approximately 16 days before fledging
(Haftorn 1971)

The great tit is also a small passerine bird, of approx. 184aftorn 1971) It is

predominantly resident or stialistance migratory, and is often attracted to areas near people
in winter, where there is better access to fidaduge 1994)It is distributed across Europe,

Asia andNorthwestAfrica, and occurs in most parts of Norw@jaftorn 1971) It is mainly
insectivorous in summer, while depending more on seeds and fruits in (Mafeorn 1971)

It mainly feeds itmestlingswith different caterpillars, more independently of habitat type

than the pied flycatchdRoyama 1970, Slagsvold 1975, van Balen 19VB¢ great tit

normally nests in natural holes, but in resemblance with the pied flycatcher, this species also
frequently uses artificial nest boxes when they are available. Sometimes the whole breeding
population in an area breeds in nest bd@iéesrins B79). The female lays-83 eggs, one per

day, in this study area up to two weeks earlier than the other two bird species in the study
(Schott 2013)The eggs are incubated for-18 cays after the last egg is laid, athe

nestlings remain in the nest for-28 days after hatching, fed by both parents. The fledged
young are fed and watched by their parents fénvZekgHaftorn 1971)

The common redstart is a passerine bird about 14.5 cm long. It is widespread across most
parts of Norway during summer, degditeing a little lower on the west coast. Similar to the
pied flycatcher it is a long distance migratory species, travelling long distances between their
breeding grounds iNorthwestAfrica, West Asia and most parts Blrope, and wintering

areas in Nrth Africa (Haftorn 1971Hogstad 1994)The diet consists mainly of insects, and
lepidoptera larvae makes up a part of nestling diet, but the importance of it varies between
studies(Haftorn 1971, Sedlacek et al. 200The clutch of 6/ eggs are normallyid, one

each day, during the first three weeks of June in the study area. The eggs are incubated for
approximately 1113 days before hatching, and the nestlirggsainin the nest for 147 days
before fledging. The young are fed by both parents in the aves$tffor 23 weeks after

fledging (Haftorn 1971Hogstad 1994)

The most abundant species of geometrid moths in the study area are the autumnal moth (
autumnata), the winter moth@. brumata), andthe scarce umber mothd( aurantiaria). The

larvae of thesspecies hatch approximately at the same time as bud burst of the mountain

6
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birch which is their main host tree spring. The larvae then forage on the foliage of the
trees for 46 weeks, before falling to the ground and pupating. Their population dymanaic
characterized by cyclic outbreaks with approximately 10 year intervals, and in periods of
outbreak densities, they can cause severe defoliation and forest daeage 1972)

BDEF#$#,0&++(0$%&/

The transects were visited once per summer, rityrind ate June or early July. The timing of
the visit dependedn the phenologyof the larvae, because it is important that the majority of
the larvae are in theif®4" instar when they are count@éehs et al. 2004)lt is also

important to visit stations approximately the same stage of development each year, to make
results comparable between years regarding both moth and bird numbers.

To estimate moth densitwe randomly cut off and collectdd live branches ahountain

birch of about arm lengtkx 80 cm), from trees within approx. 30 m from the station. The
branches were shaken in a large plastic box until all larvae had fallen off. The larvae were
sorted by species, and counted. The total count for all 10 branches was used as a measure of

moth densityspecific for each station.

Nest boxes were inspected at the same time as larval density was mdasaedegistered
whether or not the box was occupied. If occupieel determinedhe species preserand

counted the number of eggs and chidlentfication of species can be domerh the
appearance of the ndgigure 2. The great tit builds their nest on a base of moss, using wool
and hair as insulatiofiPerrins 1979)The common redstart usually builds their nests of grass
and roots, insulating with large feather@Haftorn 1971) The nest of the pied flycatcher

often has a base of bark of birch or pine, or dead leaves. The insulation commonly consists of
dry grass. The nests of the pied flycatcher and the common redstart can be relativaly simil
other than the feathers used for insulation in the redstarflnestberg and Alatalo 1992)

Signs of predation were recorded, along with other factors which could render boxes
unavailable for breeding (e.g. damage to the box or occupation by buegjlebe



Figure 2: The appearance of the birds” nests can be used for identification of the individual species. From left to right:
Pied flycatcher, great tit, and common redstart.

Temperature data from three weather stations im$ggwith altitudes ranging from 8 to 100
m.a.s.l., were collected frothe MET Norway.

BDG!I$#$%1$5% 04+, #/#+11 (

Because of the binary response variable (nest box occupied or not), and the need to include
both fixed and random effects, | chose to useegalized linear mixed models (GLMMs) with

a binomial distribution and a logit link functigBolker et al. 2009)

The response variable to be included in the analysis was occupancy of nest boxes. This is a
binary variable, with the possible outcomesom level being occupied or unoccupied. The

box was categorized as occupied if it contained either eggs or chicks. Data were aggregated
by location and year so the response variable became the proportion of occupied boxes of the
total number of availabledxes per transect. The data were also separated according to hole
size of the nest boxes, since the birds did not utilize the boxes with different hole sizes
similarly. A box was defined as available if it was possible for a bird to use it for nest uildin
(93% of the boxes across all years and localities), meaning that it should be in one piece and
attached to the tree, and unoccupied by other species (e.g. bumblebees). The proportion of

occupied nest boxes is expected to be a good index of the birddingneopulation density.

The two main predictor variables of interest were moth larval density and spring temperature.
Since moth density could influence currgetr breeding density both via direct and delayed
responses from the birds, two larvae Valea were included: one for moth density in year t

(the same year as the rest of the data), and one for density irly&dre two timdagged
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moth density predictors were not included simultaneously in the same models because they
were strongly correlatl (VIF~ 4, Pearson r = 0.86), since it should be avoided to have two
highly collinear variables in the same mo@&lur et al. 201Q)The two most common moth
species Q. brumata andE. autumnata) were also strongly correlated, and were therefore
lumpedinto one common density predictor along with the less comnenrantiaria. This

is also biologically justified, because the breeding dynamics of the birds are expected to be
influenced by the total availability of moth larvae. The moth variables wersfdraned to

natural logarithms for easier visualisation, because the data extended across several orders of
magnitudgWithlock and Schluter 2015Ywo temperature variables (temperature in year t
and t1) were also included, to account tbe possibilitythat also temperature could have

both direct and delayed effedn thedensity of thebirds« breeding populatiolmhese two
variables were not substantially correlated (¥IE, Pearson r =0.32), and were therefore
included simultanagsly in the modelsTemperatures were calculated as medns

temperature measurements from the three weather stations in Topasged by MET
Norway,for the period of 15/05- 15/06, and 15/0©15/07. Thefirst period wasusedto

examine the direct effeof temperaturén year t,becausehebirds most commonly start
breedingn this period while the second intervalas used to explore the effect of

temperature in yearl, because it wasxpected to have a larger impact on the chicks«

survival and potentially the next yea return rate (i.e. the delayed respanse)

In addition to the main predictor variables, some other factors were included as covariates in
the models to control for their possible biasing influence on the response variable. The effects
of these variablewere not themselves of interest in this study. The proportion of boxes
occupied by the same species the preceding year was included as a predictor variable (i.e.
covariate), because the size of the breeding population in one year is likely to partty depen
on the size of the breeding population the year before. Interspecific competition was also
included, by adding the proportion of boxes occupied by the other two species possibly
competing for nest sites and food. For boxes with small holes, the regs$ddft out as a
competing species, as it very rarely used these boxes. In addition to the predictor variables
already listed, it was necessary to account for possible unknown differences between the 12
study sites. This was accomplished by includingasta random intercept, thus meaning that
the analyses of thexiedpredictors (i.e. moth larval density and temperature) focus on the
effects ofthetempaal variation inthese predictors, corrected for timeariant site

differences.
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The GLMMs were fited using th%’lmer Table 1: The combination of variables in the different
models. Log(moths) & log (moh larval density year t).

function in thelme4 library in R(Bates et al.  Log(moths) {1 = log (moth larvadensity year-1) Bird.sp.
t-1 = occupancy by thfocal bird speciesyear t1. PF =

2015) Two full models were made for each pied flycatcher. GT = great tit. CR = common redstart.
Tempt= temperature year t. Temyl = temperature year

combination of bird spcies and nest box type 1. Site = site as random effect.

(Table 1). The moth variables were keptin -
2 o

separate models, while all models contained | , g £ £ g . 7

S & E£ E = o o
both tempertare variables, and the covariates g 3 ¥ ¥ E . 5 5 § E
interspecific competition and density of the | PF Small x X X X | X | X
PF Small X X X X X X
species of interest in the year before, in PF Large x X X X X X X
- . . PF Large X X X X X X X
addition to site as a random intercept. PE Al x ; x1xlxlx! x
Predictions were made from the GLMM PE Al X X £ x X x X
GT Small x X X X X X
models, where the effects of the different GT Small X x X X X X
. GT Large x X X X X X X
larvae and tenperature variables on GT large X X X X X X X
. . GT Al X X X X X X X
proportions of occupied nest boxes were GT Al < x x % % x
estimated. This was done by keeping the othy <® taree x X | X | X X | X | X
CR Large X X X X X X X
variables constant at their mean values. CR Al x X | X X X X x
CR Al X X X X X X X
L ALL Small x X X X X
The amount of the total variation that could b{ai. smai T e

. . ALL La

attributed to betweepear and betweesite AL Loree . AN
rge X X X X X
effects was gtimated by carrying out an ALl AN | x X X | X | X
ALL All X X X X X

analysis of deviance of a binomialistic
model for each of the bird models, with year and site as categorical predictor variables. For
the log transformed moth larvae densities, site and year effects are calculated asuarean sq

from a linear model.

| also wanted to further examine the distribution of birds between the two different box types,
and to check if there was a Ospilloveffect between the boxes, i.e. whether birds started to
use the suboptimal boxes with largddsmore often when the preferred box typih small

holes was saturatedlhis was done by specifying a Glz-Model with a binomial distribution

and a logit link function, with the proportion of occupied boxes with large holes for each of
the bird specieas a response variable, and the empirical logit of the proportion of occupied
boxes with small holes by the whole bird community as a predictor varfdigehox type

with small holes was used as the predictor because it was the preferred box typemor the
most common birds: the pied flycatcher and the gred&ititilar models, but with occupancy

by each individual species as predictor variables, were also made to examine the different bird
10
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species« use of the two box types, and if there were a Gspkéiect also based the
occupancy of theirwn species. The empirical logitvere estimated by tle@pLogit function

in thebinomTools packaggChristensen and Hansen 2011)

The data were checked for influential single observations using/thence and sigtest

functions in thenfluence. ME packaggNieuwenhuis et al. 2012None of the single
observations seemed largely influential. The GLMMdels were checked for

overdispersion, which was roughly estimated by determining the sum of squared Pearson
residuals, subsequently comparing it to the residual degrees of fregslsnggested by

Bolker (2015) The models for pied flycatcher in small boxes, for common redstart in both
box types, and the models for the whole bird community werdeaditerdispesed, and this
wastaken into account when interpreting the results. Multicollinearity between the variables
in the models was inspected by tlwevif function (Zuur et al. 2009)to calculate variance
inflation factors(VIFs). Variables with a VIfvalue dove 3 were considered problematic

(Zuur et al. 201Q)This was generally no problem for the models, except for the larvae
variables for time t and (see above). Confidence intervals for parameter estimates and
predictions were calculated #4.95<SE ofthe value of the estimated value on the scale of
the link function, and backtransformed to response scale when necessary. The variance of the
random effects was not included in the confidence intervals on predictions from the GLMMs
as suggested by Bolk&015) All plots weremade using thggplot2 packaggWickham

2009) anddata analyses were carried out usingeision 3.2.ZR Core Team 2015)
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E, 7(14+$1,

ED@H#*%#$%&/,%/,$6(,"*(-%0$&*,=#*%#2+(1
Two peaks in moth larval density were apparent across the sites thériogurse of the study

bone around 2004nd one larger in the years around 2(Hdgure 3) Although there was
some variation in larval density between the sites (especially in the sizenamgl af the first
peak; fkgure 3), the amount of variatioetiveen years was appraktimes higher (@ble 2).

— All moth species = = E. autumnata O. brumata - =+ A. aurantiaria

DEfjord DEv¢y Karls¢y
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Figure 3: Moth density for each study sitdog scat). The density is measured as shen of larvae for all stations in a
transect.

The mearspringtemperéure (in the period 15/0%5/06)in the study area {§ure 4)

fluctuated between"6 and 11.5 over the 13year study period, with the spring in 2013
standing out as markedly warmer than in the other years. The mean summer temperature
(15/0615/07) fluctuated between 9.4and 13.2 $
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Figure 4: Mean temperatures in the study area in the periods 15/05615/06 (black, solid line) and 15/0615/07 (red,

solid line), and normal temperature for the two periods (dotted lines). Because normal temperatures were available for only
one of the three weath stations used in the study, the plot is restricted to display mean temperatures from this station, but
the temperatures wehgghly similarin all three stations.

EDBH#*%#$%&/,%/,/(1$,2&1,&004"#/Q ,

Table 2: The number and proportion of nest boxes occupied by the different bird species across all years (n=13) and

study sites (n=12), as well as the amount of the total variation itbaestcupancy and moth larval density cobkl

attributed to additive effects of year and site. The year and site effects on the nest box occupancies are given as deviances
obtained from binomialogistic models, whereas the year and site effects otrémgformed larval density are given as

mean guares obtained from a linear model.

"#S%HE& "HE&()*+, - xH 0/+"+/(%+1 2#34)5#6/ 2#34)&%(#  2#34)/#&%7-68
"#$%&'()*+) #- X" 011 1234 43251 664278 668259
I'HS%& ()*+) #-  *-# <<3 1215 41281 95258 <6927<
"#3%&'()*+),# =" 5<3 1265 4<26< 6<4249 <94276
>-#*+0p+"+ S <78 12<6 <7268 06236 <56259
>-#5+00+"+ a4 <15 1215 89287 4<273 <88244
>-#*4+00+"+ =" 81< 12<1 67234 <14201 <592<8
2@/ @AY-#SB+*-#" 31 1218 6524< 87250 9027<

2@/ @AY-#EB+ 4 # <<< 1215 64255 8<276 <08210
2@/@AY%-#SB+*=" <4< 1214 31275 35200 <71288

=" JE 788 1291 91205 64<259 68724<

=" a2 888 1263 34278 53210 619284

=" =" <699 1238 45270 633283 663211
C@+,%"*-D*#%E'@;F 0<52<7 <18299 <0<273 |

Overall nest box occupancy varied between species (Table 2), and between the boxes with
small and large holes. The pied flycatcher was overall the most common bird in the nest
boxes, occupying close to one third log tboxes across all years and sites. It was primarily
found in the box type with small holes, while there was a significant tendency for its
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occupancy of largéole boxes to increase with total (i.e. all bird species, slope: 0.19 [95% CI:
0.01-0.26], p < 0001) and its own occupancy of boxes with small holes (slope 0.18 [95% CI:
0.090.28], p < 0.001; iIgure 5. The great tit was overall found in 10 % of the boxes. This
species was quite evenly distributed between the two box types (Table 2). Its ocafpancy
large-hole boxes increased significantly with the total (slope: 0.22 [95% CEM®3, p <

0.001) and its own occupancy of sraadlle boxes (slope: 0.13 [95% CI: 0:021], p =

0.002; kgure 5. The common redstart was the least common occupam okeist boxeB

overall found in 5 % of all nest boxes. Occupancy by redstart of-biwiallboxes was omitted
from further analyses due to small sample size (Table 2). Its occupancy dfddedeoxes

was not related to the total occupancy of sthalk loxes (slope:0.01 [95% CI-0.09D

0.07], p = 0.841), while there was a significant relationship between its own occupancy of the
two box types (slope: 0.20 [95% CI: 0:029], p < 0.001; igure 5.
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Occ. of boxes with small holes

Figure 5: Observed (dots) and predicted (red lines) relations between occupancy of nest boxes with large (response)

and small (predictor) entrance holes. Upper panels: the predictor is total occupancy of all birds in gmo#dl nest boxes.

Lower panels: the predictor is the species« own occupancy oftentealiest boxes. The predictions are from logistic models
with 95 % confidence intervals (shaded areas). 1:1 stippled lines are included to show difference from equal use of the two
box types.

The proportion of occupied boxes varied both spatially angaeafly in the study period
(Table 2). For boxes with small holes, differences between sites explained approximately 4
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times more of the total variance than differences between years, in all cases except for the
common redstart. For boxes with large holbs,difference in the amount of variance

attributed to site and year was less distinct. The amount of total variance explained by site and
year was of approximately equal size for boxes with small and large holes, indicating that the
contribution of tempmal effects was higher for largele than for smalhole boxes.

Figure 6and 7shows the variation in nest box occupancy for boxes with small and large
holes, respectively. Overall occupancy of boxes with large holes had a peak around 2014 in
several lgalities, which seemed to correspond approximately with the largest peak in larval
density. This peak was less clear for boxes with small holes. Occupancy eheladlbxes

by pied flycatchers in Rein¢ya was high in the beginning of the study periattdretised
distinctly from 2009. This is probably an artefact of the number of boxes with small holes at
the transect being doubled this year, in addition to 60 boxes of the same type becoming

available at different altitudes in the area, due to estalbdishof another study.

DEfjord DEvey Karls¢y

Proportion of occupied boxes

— All = = Pied flycatcher Great tit - =+ Common redstart

Figure 6: Proportion of occupied small-hole nest boxes for each study site.
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Proportion of occupied boxes

Dafjord

Davey

Karlsgy

Reingy

Tromvik

Year

— All = = Pied flycatcher — - Great tit - =+ Common redstart

Figure 7: Proportion of occupied large-hole nest boxes, for each study site. Because all boxes madlisholes in Reingy
from 2009, no occupancy of lardmle boxes was recorded after that.

EDEJ*(-%00$&*1,&5,/(1%,2&1,&004"#/0.,,

Table 3: The effects of the four predictor variables larval density in year t and t-1, and temperature in year t and t-1,
on nest box occupancy. Effect sizes are shown as odds ratios with 95 % confidence intervals in brackets. Significant results
are highlighted in bold. Temperature effects are obtained from the models with larval density in year t.

Species Hole size Larvae density year t Larvae density year t-1 Temp. yeart Temp. year t-1

All Small 1.028 [0.979-1.079] 1.056 [1.006 -1.109] 0.941 [0.862-1.027] 1.204 [1.086 - 1.336]
All Large 1.189[1.122-1.261] 1.173[1.103-1.248] 0.851[0.759-0.951] 1.081 [0.957 - 1.220]
All All 1.082[1.046 -1.119] 1.083[1.047 -1.121] 0.931[0.872-0.992] 1.111[1.035-1.193]
PF Small 1.023 [0.973-1.076] 1.041[0.990-1.094] 0.989[0.905-1.080] 1.209 [1.090 - 1.342]
PF Large 1.234[1.119-1.363] 1.192[1.072-1.328] 0.983[0.817-1.172] 1.338[1.097 - 1.639]
PF All 1.056 [1.015-1.099] 1.054[1.013-1.097] 0.978[0.909-1.050] 1.139[1.048 -1.239]
GT Small 1.198[1.033 -1.190] 1.123[1.043-1.207] 0.965 [0.853-1.089] 1.162 [1.003 - 1.304]
GT Large 1.174 [1.062 -1.298] 1.167 [1.055-1.292] 0.767 [0.621 -0.929] 1.044 [0.849 - 1.287]
GT All 1.141[1.079-1.208] 1.151[1.086-1.221] 0.902[0.812-0.999] 1.126 [0.998 -1.270]
CR Large 1.078 [0.984-1.179] 1.056 [0.966-1.154] 0.852 [0.714 -1.005] 0.828 [0.686 - 0.996]
CR All 1.003 [0.931-1.078] 1.020[0.950-1.094] 0.834[0.714 -0.964] 0.792 [0.674 - 0.929]

Larvaldensity in year t was found to have positive effectthempied flycatcherthe great tit,
andoccupancy on the community level (i.e. theee species combinedafle 3). The great

tit showed the most consistent respom@cross both bdypes.Oncommunity levebnd for

the pied flycatcherthis response was only significant for boxes with large holes and the two
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box types combined. The delayed effects of larval density in yiearere similar to the direct
effects, except that the effemt occupancyf smalthole boxeson communitylevel was

marginally significant.

At community level, the predicted proportion of occupied b@keapire 8) of both types
increased from minimum 0.32 (95% CI: 0-@3l1) at the lowest moth larval density, to 0.51
(95% CI: 0.420.60)at the highest moth larval density in the time series. Equivalent minimum
and maximum predictions for the great tit was 0.05 (95% CI-0.08) and 0.16 (95% CI:
0.11-0.23), while they were 0.19 (95% CI: 0-:027) and 0.29 (95% CI: 0.2D40) for the

pied flycatcher.

Pied flycatcher Great tit Common redstart All birds
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Figure 8: The predicted effects of the four variables moth density in year t and t-1, and temperature in year t and t-1,

on the proportion of occupied nest boxes. The effects of the other predictor variables are kept constant at their mean
values. Signifiant effects are shown with bold lines. Confidence intervals were left out to improve the readability of the
plots, but confidence intervals for predictions at minimum and maximum values of statistically significant predictors can be
found in section 3.

Spring temperatures in year t haglight negative influence on nest box occupafor all
three bird species @ble 3). The effect was significant for great tits in langée boxes, and
for the combination of both box types. The effect was also signifaranommunity level and
for common redstart in both box types, but these effects seemed dependent on the high
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temperatures in 2013, and were not significant when this year was removed. The proportion

of both box types combined occegdiby great tit was prexled (Fgure 8) to decrease from
max.0.14 (95% CI: 0.08.23) at the lowest mean temperature, to 06 (95% CI: 0.03

0.11) at the highest mean temperature measured in the time series. The equivalent predictions
for great tit in largehole boxes weremax. 0.09 (95% CI: 0.08.14) and min. 0.04 (95% CI:
0.020.06).

Summer temperatusén year t1 was found to have significant positive effects on community
level for both box types comled, and boxes with small holesafdle 3). The pied flycatcher
showeda significant response across both box types, while the gresggdandeadnly

marginally significantlyin smalthole boxes. The common redstart showed a significant but
weak negative response to increased summer temperatures for both boxtypesoxes

with large holes. At community level, the proportioroctupied boxes was predictedgiie

8) to increase from minimum 0.36 (95% CI: 0244) at the lowest mean temperature, to
maximum 0.46 (95% CI: 0.38.55) at the highest mean temperatoreasured in the study
period for both box types combined. The equivalent predictions for the pied flycatcher in both
box types were min. 0.19 (95% CI: 0-:028) and max. 0.28 (95% CI: 0-P(38), while they
were 0.08 (95% CI: 0.08.13) and 0.14 (95% €0.090.21) for the great tit in smaliole

boxes. For theommon redstarthe predicted proportion of occupied boxes of both types
combined decreased from 0.07 (95% CI: €00EL) to 0.03 (95% CI: 0.6Q.05).

The covariates competition and last yeaeaipancy had variable effects among bird species
and box types, suggesting no consistent effects of competitors and last year«s breeding density
on the breedinggpulation in the current year (Appendix A).
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G F%10411%&/

The main purpose of the study was @@ svhether the breeding population density of
passerine birds at the northern limit of their distribution range was affected by the cyclic
outbreaks of moth larvae occurring regularly in the area, and by the tempeeatatien
between years. The wholexnesting bird community was found to show a moderate
numerical response to high moth densities. It was not possible to establish whether the
numerical response was direct or delayed, as effect sizes were approximately equal, and the
larval variables werkighly correlatedThe responses were species speanith the great tit
responding positively in both box types, the pied flycatcher only in boxes with large holes,
and the redstart not at all. The density of the whole breeding population resporatecyeg
to increased spring temperatures in the year of the study, while the effect of summer
temperatures in yeatlt hada positive influence on the breeding density of the bird
community in both box types combined. The pied flycatcher showed the nmegtteat

positive response across both box types, while the redstart responded slightly negatively.

GD@X55(0%$1,&5,)&%6,+#*=#+,-(/1%$.
The breeding population of the whole bird community showed a positive numerical response

to moth larvae outbreakBor the vhole communityn both box types combinethe nesbox
occupancy at pedhrval density wapredicted to be 17 % higher than what it was at
minimumlarval density, which should be considered as a rather moderate numerical response
to a tenfold increase iarval density on log scal@his suggests that high moth larval density

and consequential good access to food during the breeding season is important and positive
for the breeding density of this bird community, and was according to my prediction. The

response was species specific, which was also expected due to interspecific differences.

The pied flycatcher«s response was statistically significant only for its occupancy of boxes
with large holes. This box type has been shown by both literdturelbergand Alatalo

1992, Vedum 1996nd my results (Table 2, Figurg %o be a subordinate box type for the

pied flycatcher, possibly because of higher predation pressure in such{ma@sen 1990)

The occupancy of the subordinate box type was higherarsyehen a high proportion of

small oxes was occupieduggesting a Ospillovez@ect when densities and probaklgo
competition in boxes with small holes was high. This might indicatehtghtdensities of

moth larvae areot essential fothe pied flycatcher to breed, but that a superabundant access

to food as caused by moth outbreaks could increase the breeding density to higher levels than
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normal, as shown for other species of birds and n{étbbnes et al. 1986, Lindstn$ et al.
2005)

The great tit utilized the two box types relatively equally, and responded positively to
increased larval density across both hole sizes. This suggests that moth larvae might be more
important for the great tit during breeding season than for the othapw®eces, which

responded less consistently or not at all. The explanation for this might be that the great tit is a
larvae specialist during the breeding seggtwyama 1970, van Balen 1973, Wilkin et al.

2009) and probably to a higher extent than tHeeotwo specie@Cholewa and Wesolowski

2011) The great tit also has larger clutches which require abundant access (feduoots

1991) and might therefore be more vulnerable to food shortages than the other two species,

which normallyhave smaller cliches.

The breeding density dfie commomnedstart in boxes with large holes showed no response to
increased larval density. This was also assumed in advance, as the importance of lepidoptera
larvae in the redstart«s nestling diet has been found to loiffie@een studie@aftorn 1971,
Sedlacek et al. 200,7and was the most frequent food type given to nestlings in only 35 % of
the studies in the review by Cholewa and Wesolo&ki1) This is lower than for the other

two species (42 % for the pied flycher and 75 % for the great tit). It could therefore be
assumed that access to moth larvae is not essential for thetredbtaed. The low sample

sizefor redstart could make the results for this species less reliable than for the other two

species.

The fact that breeding took place also in years of very low densities of moth larvae indicates
that none of the birds are critically dependant on this source of food to breed. Strong
predation pressure on moth larvae by birds has been found in a stBdpilst al(2017)

which was conducted in the same study area. No connection was found between bird
predation pressure and occupancy of nest boxes, presumably because the inhabitants of the
nest boxes constitute only a small part of the passerine binchgnity in the area, and that

there are other species possibly predating moth larvae more heavily. This study supports that
finding, as the longerm numerical response diet boxnesting bird community to moth

larval density was significant, but probablgtistrong enough to largely reduce and control

moth density.
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GDBF%*(0$,&*,-(+#.(-,*(1"&/1(,$&,)&$6, +#*=#+,-(/1%3$.L,
A positive response to high moth larval density could be caused by both direct and delayed

effects. To account for this, two different larvaiables were included in the analyses. The
direct effect was measured by larval density in year t, while the delayed effect was measured
by larval density in yearl. High collinearity was detected between these two variables.
According to Zuur et. a[2010) this could be solved by excluding one of the collinear
variablesfrom the model, to avoid possibly disturbed relationships and inflatedyes
preventing detection of statistically significant effects. The decision of which variable to
exclude could béaken on the basis on \Walues, or knowledge of the biological system
under studyZuur et al. 2010)In this study, both moth larvae variables were of biological
interest, and it was difficult tdistinguisha priori which variable that was most impant. To

be able to test for the effects of both variabillesywere added to the models one at a time.
Analyses showed that the effect sizes of both variables were of approxiewialgize.

Based on this, it is difficult to make conclusions about drieeovariables being more

important than the other. It could also be argued that a proportion of birds do not attempt to
breed until their second year, but the inclusion of larval density in y&did not clarify the
difference between direct and detalyeffect much, and the variables were still too highly
correlated to include in the models simultaneously. At least for the pied flycatcher, quite
many birds breed already in their first y@lanndberg and Alatalo 1992&nd the inclusion of

larval densiy in year t1 in the models was expected to be sufficient to capture a response.

It can be argued that both direct and delayed effects are plausible explanations for the patterns
observed in this study. A delayed, or demographic, effect coyddesenif the birds

experience higher breeding success in years of moth outbreaks, leading to a higher return rate
in the following yeafHolmes et al. 1986, Newton 1998estlings of pied flycatcher have

shown a higher return rate as breeding birds when foogmasioned during nestling phase
(Verhulst 1994)and a long term study of pied flycatchers found higher nestling survival in
years of highE. autumnata densitiefNyholm 2011) The success of great tit clutches was

also related positively to larval detys(Verboven et al. 2001High proportions of the great

tit showed high breeding site fidelity in a study in Oxfaspecially when having bred
successfully the year befofidarvey et al. 1979)0ther passerine birds are found to be

positively correlatd tothedensity ofE. autumnata one or two years earlier, suggesting a

delayed response through increased reproductive su&tem®ar et al. 2004 hese findings
suggest that a delayed density response could be expected for the birds in the study.
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Passeria birds have also been shown to respond directly to increased moth larval density.
Several studies have shown that the bramblh@:0ntifringilla) respondslirectly to high

moth larval densities, probably due to their nomadic behaynemar et al. 260 Hogstad

2000) I am not aware of any studies on the focal species of the present study conceiming the
ability to spatially track peaks in food availability. A study by Mantyla &f28115)found that

pied flycatchers were not able to find the nestitgthat provides most food for their young,

but there were some uncertainties attached to this result. The possibility that the birds in this

study could show a direct response should therefore not be rejected.

Both direct and delayed numerical resporiedsod availability have been shown for

passerine birds in previous studies. Because of the difficulties separating the effects in this
study, no conclusionb@ut one or the other being manmegportant could be made. Based on
stronger support for the prese of delayed effects of moth larval density on the focal species
in literature, 1 assume that such effects might be more important in the study system, but a

combination of both is also possible.

GDEK55(0%,&5%()"(*#$4*(
The response to higher spring tesmtures could also be direct or delayed. This was tested by

including temperatures both from year t aridih the models. Increased spring temperature
(mean temperature between 15/05 and 15/06) in year t was found to have a slight negative
effect on breding population density, which was significant for the whole community, the
great tit and the common redstart in both box types combined. This result was quite
unexpected, as it was anticipated that breeding density would increase with temperature. The
effect of temperature in year t seems largely driven bgx&naordinary warm sprinign 2013,

when nest box occupation was also low, posiylainedoy other factors than temperature

If 2013 was removed from the data, the only significant redtilivies the slight negative

effect on the great tit«s breeding densitlgoth box types combined, and in laiigele boxes.

High temperatures in early spring might induce an earlier start of bre@tgsgr et al.

2009) and a warm spring would normally indte a warm breeding season. Yet, this is not
always the case, and periods of cold weather after hatching could be detrimental for the chicks
(Ludwig et al. 2006and egg$JSrvinen and VSisSnen 198%higher rate of abandoned

nests with lower temperatwéas also been shown for the pied flycat¢Ngholm 2011)

When temperature is measured as a mean for a long period, such cold spells might not be
captured, and the effect of higher mean temperature could therefore look falsely negative.

Other ways of masuring temperature could be more appropriate for the purplosdact that
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the great tit in our study area already initiates breeding up to 2 weeks earlier than the other
two species in the studchott 2013)might make it more exposed to cold spells early in
season, and possibly explain why it is the only species showing a significant negative
response after removal of observations from 2013.

Warmer summers (mean temperature between 15/06 and 15/07) irlylead a positive

influence on the breeding population of the whole community, especially inisob@lboxes.
Occupancyby the whole commnity across both box typegs predicted to increase by 10%
from the lowest to the highest measumeebin temperatuygvhich was weaker than the

response to larval densitieBhe response was consistent across both box types for the pied
flycatcher, while it was weaker and only marginally significant for great tit aildmole

boxes. The redstart showed a slightly negative response to warmer summers. The positive
responseould becaused by increased breeding success in years of higher summer
temperaturesyith subsequerttigher return rates the following year. Previgtigdies on the

pied flycatcher in Scandinavian ecosystems have found that breeding success was positively
correlated to June temperatures, and that the size of the breeding population in one year was
positively correlated to the number of fledged younthenfollowing(Nyholm 2011,

Thingstad et al. 2006Yhe 37year study by Enemar et §004)showed similar results for a
community of passerine birds in Swedish Lapland. These findings indicate that the effect of
temperature might indeed be delayed, tredresults of this study corresponded to those
findings. The reason why the redstart showed a weak negative response, could be because of
low sample size. The weaker and more inconsistent response seen for thearelal tit

perhaps be explained by arappropriatehoice of temperature interval, since it often breeds
earlier than thether two focal specie#t could also be that the breeding success of the great

tit is less affected by temperatures during the breeding season. It has been shown that
experimental cooling of great tit nests did not impair gneat titcdreeding success, probably
because the females were able to compeifsatlee cooling(¢clvarez and Barba 2014)

The moderateaumerical respons¢o moth larvaelensitiesand temperatusdndicatethat

there arg@robably alsmther factors limiting the number of breeding birds in the study area,
such asaccess to other resources, predation, parasitism or disease, or environmental
disturbancegNewton 1998)A large part of the total variat in nest box occupancy rates

was connected to variance between sites, indicating that different factors attributed to habitat
quality are important in determining breeding population size. If most of the variation in nest
box occupancy at some study sigge explained byme-invariant betweeisite effects, e.g. in
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Discussion

an especially advantageous or poor habitat, this could reduegglamatory power of more
site-invariant factors, such d@lse moth lrval densities and temperatureeasured in this
study. Thiscould perhaps make the size of the response across all study sites Sitfaier.
factors that could explain the spatial variation between sites was not in the scope of this
project, which focused primarily on the factors that could determine the terdgoeahics of
the focal bird community. Some unexplained variatraticates that there were also other

factors not controlled for that affected breeding densities.

How differences betwedmbitas affeds the breeding populath densitieor box-nesting

passerine birds in subarctic mountain birch forests could be an interesting subject for future
research, and the spatially extensive design of this study could be suitable for the purpose.
The monitoring of breeding bird densghould continue in the future, to get a longer time

series that cover more moth larvae outbreaks. It could also be interesting to visit the nest
boxes more frequently during the breeding season, to allow determination of e.g. the breeding
success (i.e.umber of fledged young). Such data would permit investigations on the
relationship between moth larval density and the breeding success the same year, and not only
via theincreased return rate that could be captured by the snapshot of the system obtained
when visiting only once. It would also allow for a measure of predation rate, which has been
found to influence breeding success in pied flycat@Ngholm 2011) This would, however,

be much more timeonsuming than the present procedure. It would alsoteeesting to

examine whether the whole bird community of passerine birds in the study area shows a
stronger numerical response to larval density than the moderate response found for the box
nesting birds. This was also suggested by Pepi et al. (201s8etif a relationship could be

established between the whole insectivorous bird community and the larval predation rate.
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Conclusion

M N&/0+41%&]/

The large, regular outbreaks of moth larvae in subarctic birch forest constitutes an important
source of food for breedinbirds in spring. A moderate numerical response to outbreak
densities of moth larvae was found for the box nesting bird community in this study. The
response was species specific, and the great tit appeared to be most dependant on moth larvae,
with a posiive response for the density of the whole breeding population. The pied flycatcher
seemed less dependent on access to ranthd, but apparently increasedbreeding density

to higher than normal in outbreak years. This was indicated by an increasadausss

optimal nesting sites in years of high moth larvae densities, protaéliohigher

competition for its main nesting sites in these years. The common redstart did not respond,
either because it is less dependent on moth larvé®causehe low samfe size made it

hard to detect a response.

Analyses were not able to answer whether the numerical response was caused by direct or
delayed effects. Earlier studies suggest that the delayed, demographic effects might be more
important in this system, butc@mbination of the two is also possible. The moderate

response, with breeding also in years of low moth density, indicates that none of the birds are
critically dependent on moth larvae as a source of food during the breeding season.

Spring temperature diunexpectedly have a negative direct effect on breeding density of the
bird community, even though it was only rarely statistically significant. dudd perhapbe
caused byold spells not captured by the chosen varialihe delayed effect of temperature
was moderately positive, probably due to warm summers causing higher breeding success,
and higher return rate of breeding birds in the following year.

The moderateaumericalresponses to both larval detness and temperature suggest that both
temperature and access to food is important for the breeding population density of this bird
community, but that there are also other factors determining and limiting the population size
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