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ABSTRACT. Many New Zealand native bird species are threatened by introduced mammalian predators, and pest management
programs are common in the country. Despite that, measuring the efficacy of such programs is often limited by resources, and thus the
long-term population status of many native birds is not well documented. Here, we examined long-term population trends of forest
bird species and changes in the bird community structure at Craigieburn Forest Park, where there was intermittent control of stoats
(Mustela erminea). We analyzed 10,938 5-min bird point counts covering the periods 1978-1982, 1999-2004, and 2019-2020 in an old-
growth Nothofagus (southern beech) forest. We assessed trends over time in the counts of each bird species with season, elevation, and
site as co-variables. We also tested for a relationship with variable seed crops of the mast-seeding canopy tree, N. solandrivar. cliffortioides.
Bellbird (Anthornis melanura) was the only native species showing a continuous increase over time. In the first 25 years of the study,
stoat control was intermittent, and more native birds decreased than increased. In later years, stoat control was continuous, and more
native species increased than decreased. Large Nothofagus seed crops were associated with significant increases in all six exotic bird
species tested, but only one of nine native bird species. These findings suggest that long-term trends of bird populations are influenced
by the interactions of species vulnerability to stoat predation and the consistency of pest control efforts. Unfortunately, ship rats (Rattus
rattus), which were absent at Craigieburn before 2010, are now common and may pose a new threat to native birds. Our results show
that systematic long-term bird and seedfall monitoring, including careful archiving of sampling information, is helpful to guide
conservation of the remaining native birds of New Zealand.

Tendances de dénombrements d'oiseaux 1978-2020 dans une forét de Nothofagus de Nouvelle-Zélande
sous divers régimes de controle des prédateurs mammaliens

RESUME. De nombreuses espéces d'oiseaux indigénes de la Nouvelle-Zélande sont menacées par des prédateurs mammaliens
introduits, et les programmes de lutte contre ces prédateurs y sont courants. Malgré ce fait, la mesure de l'efficacité de ces programmes
est souvent limitée par les ressources et, par conséquent, le statut des populations de nombreux oiseaux indigeénes sur un long horizon
n'est pas bien documenté. Nous avons examiné les tendances de longue date d’especes d'oiseaux forestiers et les changements dans la
structure de la communauté d'oiseaux au parc Craigieburn Forest, ou un controle intermittent d’hermines (Mustela erminea) a été
effectué. Nous avons analysé 10 938 points d’écoute d'oiseaux de 5 minutes couvrant les périodes 1978-1982, 1999-2004 et 2019-2020
dans une forét ancienne de Nothofagus (Hétre austral). Nous avons évalué les tendances temporelles des dénombrements de chaque
espece d'oiseau, en utilisant la saison, l'altitude et le site comme covariables. Nous avons également testé si une relation avec la production
variable de graines par N. solandri var. cliffortioides, un arbre de grande taille a semis massif. Le Méliphage carillonneur (Anthornis
melanura) s’est avéré tre la seule espece indigéne a montrer une augmentation continue dans le temps. Au cours des 25 premiéres années
de 1'¢tude, le controle des hermines a été intermittent et le nombre d'oiseaux indigénes a diminué plutdt qu'augmenté. Au cours des
années subséquentes, le controle des hermines a été effectué en continu et les especes indigénes ont augmenté plus qu'elles n'ont diminué.
Les fortes productions de graines de Nothofagus ont été associées a des augmentations significatives des six especes d'oiseaux exotiques
testées, mais seulement d'une des neuf especes d'oiseaux indigénes. Ces résultats indiquent que les tendances de longue date des
populations d'oiseaux sont influencées par les interactions entre la vulnérabilité des especes a la prédation par les hermines et la constance
des efforts de contrdle des prédateurs introduits. Malheureusement, les rats noirs (Rattus rattus), qui étaient absents a Craigieburn
avant 2010, sont maintenant communs et constituent sans doute une nouvelle menace pour les oiseaux indigénes. Nos résultats montrent
que le suivi systématique des oiseaux et de la production de graines sur une longue période, y compris l'archivage minutieux des
informations d'échantillonnage, est utile pour guider la conservation des oiseaux indigénes qui vivent encore en Nouvelle-Z¢lande.
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INTRODUCTION

There is concern worldwide about bird population declines,
including some common species (Bowler et al. 2019, Rosenberg
et al. 2019). New Zealand’s biodiversity has experienced major
declines and extinction events (e.g., Sekercioglu et al. 2004, Kelly
and Sullivan 2010) resulting from direct and indirect impacts of
human colonization in about 1280 A.D. (Wilmshurst et al. 2008,
Innes et al. 2010). Birds were particularly affected, with about 59
species going extinct and 71 of the remaining native bird species
being threatened, including 25 that are critically endangered
(Robertson et al. 2017). Such species loss can strongly impact
ecosystem processes and services by reducing bird species density
(Andersonetal. 2011, Iles and Kelly 2014). Many endemic species
that persist are now functionally extinct or range restricted (e.g.,
Stitchbird, Notiomystis cinta, Kelly et al. 2006, Walker and Monks
2018). The dominant role of introduced mammalian predators as
a cause of decline of native birds in New Zealand has been
demonstrated clearly (Innes et al. 2010). Despite recent
publications on general long-term bird population trends using
bird species distributions (Walker and Monks 2018, Walker et al.
2019) or meta-analysis (Fea et al. 2020), detailed trend data for
native bird populations for periods longer than 10 yr are rare. This
is especially true for species that appear to remain common, and
limits the ability to detect gradual population declines locally and
nationally (Elliott et al. 2010, Miskelly 2018).

Together with human-caused habitat change, predation by
introduced mammalian predators such as rats (especially Rattus
rattus), stoats (Mustela erminea), brushtail possums (7richosurus
vulpecula), weasels (Mustela nivalis), and feral cats (Felis catus)
contributed to the rapid extinction of many New Zealand endemic
birds (Holdaway 1989, 1999) and remains the main threat to
survivingendemic and native bird species (Innesetal. 2010). There
could also be impacts from competition for food by mice (Mus
musculus), rats, and introduced wasps (Vespula spp.) (Beggs 2001,
Innes et al. 2010). Introduced mammals and wasps are well
established in much of New Zealand and their interactions with
native species are complex and challenge pest control efforts. For
example, Nothofagus species (southern beech), which dominate
forests in cooler parts of New Zealand, show mast seeding, i.e.,
highly variable, synchronous seed crops among years (King 1983,
Allen and Platt 1990, Schauber et al. 2002, Smaill et al. 2011,
Kelly et al. 2013). Mouse and rat populations increase after
Nothofagus mast seed crops, followed by increases of their chief
predator, stoats (King 1983, Alley et al. 2001, Harris et al. 2022).
These predator irruptions then cause reductions in native birds
(Kelly et al. 2005, 2008).

National and regional government agencies have pursued
campaigns of intensive pest control for many decades with the
goal of preserving endangered endemic bird species (Russell et
al. 2015). Ongoing pest control programs of various intensity are
conducted across the main islands with small-scale control of rats,
stoats, possums (Miskelly and Robertson 2002, Kelly et al. 2005,
Harris et al. 2022), and wasps (Lester et al. 2013) and larger-scale
aerial application of 1080 poison (O'Donnell and Hoare 2012,
Elliott and Kemp 2016). Several shorter-term (<10 yr) studies
have demonstrated that targeted pest control efforts can suppress
pest numbers and even allow threatened bird populations to
recover (Graham and Veitch 2002, Kelly et al. 2005). Importantly,
some species that are still extant and were believed to have stable
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populations, were found to be gradually declining, including
Mohua (Mohoua ochrocephala), Kaka (Nestor meridionalis), and
Kea (Nestor notabilis) (Elliott et al. 1996, Moorhouse et al. 2003,
Robertson et al. 2017). A similar phenomenon has been seen
outside New Zealand in continental bird populations, which have
experienced dramatic declines in recent decades, including in
North America (Rosenberg et al. 2019) and Europe (Bowler et al.
2019). This suggests that conservation efforts may need to be
invested in maintaining not only known rare and endangered birds
but also still-widespread seemingly common endemic species
(Elliott et al. 2010).

Although few long-term New Zealand studies exist, there is
evidence that declines of non-threatened bird species are
continuing (Innes et al. 2010, Walker and Monks 2018). For
instance, the New Zealand Bird Atlas data documenting bird
species distributions revealed declining ranges 1985-2007 for 25
of 66 endemic bird taxa, including some that were still widespread,
such as the Rifleman (Acanthisitta chloris), Brown Creeper
(Mohoua novaeseelandiae), and Tomtit (Petroica macrocephala)
(Robertson et al. 2007: Append. K). Although such range
reductions are suggestive of population declines, little long-term
abundance data are available for these relatively common species
(Innes et al. 2010). A study by Elliott et al. (2010) in the northern
South Island investigated long-term bird population trends in an
area of Nelson Lakes National Park with no pest control
programs. There, they showed that the native bird community
changed significantly between 1974 and 2007, with declines in
several common bird species such as Bellbird (Anthornis
melanura), Rifleman, and Tomtit. They speculated that a growing
brushtail possum population and the arrival of Vespula wasps
were probable causes of these declines. Such short- and long-term
studies highlight the potential diversity of responses observed
among different bird species as well as the general lack of
information about relatively common bird species that could be
experiencing undetected declines under current levels of pest
control (Elliott et al. 2010). We suggest that this is an important
question for the future of New Zealand’s native bird populations
and for emerging initiatives such as the Predator-Free New
Zealand 2050 campaign (Owens 2017).

Here, we use bird count data to examine long-term bird
population trends (1978-2020) in Craigieburn Forest Park, an
old-growth mountain beech forest (Nothofagus solandri var.
cliffortioides, synonym Fuscospora cliffortioides), which has had
intermittent pest control (King 1983, Kelly et al. 2005, Harris et
al. 2022). Of the eight most common native birds at Craigieburn
in 1999-2000 (Murphy and Kelly 2003), four were listed by
Robertson et al. (2007) as decreasing in range nationally
(Rifleman, Brown Creeper, Tomtit, Kea). We wanted to measure
trends in an area with some pest control, to compare with those
reported for unmanaged Nothofagus forest in the northern South
Island by Elliott et al. (2010). Specifically, our aims were to (1)
measure year-to-year changes in forest bird populations at
Craigieburn using 13 yr of point counts over three studies between
1978 and 2020; (2) examine associations of bird counts with
mountain beech seedfall; and (3) test for long-term changes in
bird counts over the three studies across the 43-yr timespan. We
discuss these findings in relation to pest control programs at
Craigieburn and the potential impact of ship rat arrival after 2010.
We included both common native and exotic bird species in our
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analyses because exotic species can display different responses to
biotic events and pest control (O'Donnell and Hoare 2012,
Miskelly 2018).

METHODS

Studies Used in Analyses

We analyzed data from three studies carried out in Craigieburn
Forest Park over a span of 43 yr. The first study from 1978 to
1982 was led by EBS and represents the largest unpublished set
of point counts for New Zealand forest birds (Hartley 2012). The
second study from 1999 to 2004 was partially published by
Murphy and Kelly (2003) and Kelly et al. (2005). The third study
was in 2019 and 2020, led by LR, DF, and DK, and is published
here. All bird counts were point counts performed following the
standard 5-min bird count method in widespread use in New
Zealand (Dawson and Bull 1975). Differences among studies in
the exact location of count stations, the time of year of counts,
and observers involved were corrected for in the analysis (see
below).

Study Area

The bird surveys took place in Craigieburn Forest Park,
Canterbury, New Zealand (centered around 171°42.5’E, 43°91.1°
S) (Fig. 1), which is managed by the New Zealand Department
of Conservation. The counts were all in old-growth native
mountain beech forest, which is bounded at lower elevation by
cleared pastoral lands and exotic conifer (Pinus spp. and
Pseudotsuga menziesii) plantations, and at higher elevation by
undisturbed snow tussock (Chionochloa spp.) alpine grassland.
The forest canopy is almost pure mountain beech, which shows
strong mast seeding (Allen and Platt 1990). The whole study area
of about 1,000 ha is contiguous forest with similar montane
climate, vegetation, and aspect (Shanks et al. 1990). Although the
climate is cool-temperate with occasional snow below the treeline
in winter, almost all the avifauna is resident year round. Only one
migratory bird (the Long-tailed Cuckoo (Eudynamys taitensis))
is present.

Bird Counts

Counts were performed in three adjoining catchments (Broken
River, Cheeseman, and Craigieburn), hereafter called sites. Most
of the 10,938 counts were in Broken River (88%), with 9% in
Cheeseman, and 3% in Craigieburn. In the first study, between
1978 and 1982, 8,320 bird counts were conducted, all in Broken
River (Table 1, Fig. 1). Counts were done along four tracks
(subsites) in April and October 1978, April, May, June, August,
and October 1979, and every 2 mo from February 1980 to
December 1982. The second study was carried out between May
1999 and January 2004 (Kelly et al. 2005), and birds were counted
at Broken River, Cheeseman, and Craigieburn (Table 1, Fig. 1).
Bird counts were done in May and September 1999, October 2001,
and every January from 2000 to 2004. The third study was
performed in March—June 2019 and January 2020 on three of the
four Broken River subsites plus Cheeseman and Craigieburn. All
species (except Long-tailed Cuckoo) were resident all year, but
the conspicuousness (detectability) of each species is known to
vary seasonally (Dawson et al. 1978). Our intensive sampling
every 2 mo in 1980-1982 allowed us to correct for seasonal
changes in detectability in the analysis.

Avian Conservation and Ecology 17(2): 4
http://www.ace-eco.org/voll7/iss2/art4/

Bird count stations were spaced 200 m apart along each of the
gravel roads or walking tracks, ranging from 800 m elevation to
thetreeline atabout 1,300 m. At each marked station, experienced
counters recorded all birds seen or heard for 5 min (Dawson and
Bull 1975). Counts in the first study were unbounded, but in the
second and third studies were restricted to an estimated 100 m
radius, but this should make little difference. The maximum
detection range for most species in Craigieburn Forest Park was
much less than 100 m, so the 100 m radius (when applied) only
excluded a few distant records of species with loud calls (mainly
Bellbird) on calm days. Bird counts only took place in favorable
weather (no rain, low wind), typically between 9 a.m. and 4 p.m.
New Zealand forest point counts typically run through the day,
excluding dawn and dusk when calling rates are higher (Dawson
et al. 1978, Elliott et al. 2010). Variation in detection rates during
the day is modest, and sampling was balanced across morning
and afternoon.

Variation among observers was minimized in several ways. Most
observers had long experience with 5-min counts. Less
experienced observers did some initial joint counts on site for
standardization, and in 2019-2020, uncertain calls were recorded
for later confirmation. The first study (1978-1982) used 15
observers with two to four observers on any one date, and several
observers contributed counts on many dates over 2 or 3 yr. The
second study used four observers in total with two on any date,
and one of the observers counted across all 6 yr. The third study
used seven observers, with LR involved in nearly all count
sessions. Observer was further standardized in the analysis (see
below).

Mountain Beech Seedfall and Pest Control

Programs

Annual seedfall of mountain beech has been measured at Broken
River since 1965 (Allen and Platt 1990). Seedfall was collected in
eight seed trays spaced 40 m apart along a transect at 1,050 m
elevation (Fig. 1). Each tray was funnel shaped with a catch area
of 0.28 m?. Seedfall values are annual seeds per m? averaged across
the eight seed trays (Table 2). Seedfall at 1,050 m is highly
correlated with seedfall at other altitudes in the same catchment
(Allen and Platt 1990).

Different pest management was carried out over the last 40 yr, at
first intermittently, then since 2007, in a sustained way. Before
2007, pest control was performed as part of research projects
(King 1983, Spurr 2000, Kelly et al. 2005) that targeted stoats in
the Broken River catchment (Table 2). Stoats were trapped from
November 1973 to May 1978, poisoned in 1994, and trapped in
spring 2000-2001. Brushtail possums are present in Craigieburn
Forest Park, but only limited possum trapping has been carried
out since the 1980s (Kelly et al. 2005; Ray Goldring, personal
communication) due to the risk possum traps pose to Kea. Since
2007, intensive and sustained pest mammal trapping programs
have been run by community groups, the Canterbury
Environmental Trust and New Zealand Conservation Trust, using
DOC200 kill traps, which target stoats, but also catch other
mammals including weasels, rats, hedgehogs, and a few ferrets,
feral cats, and possums (Harris et al. 2022). No rats at all were
caught in the 1980s (King 1983), and only a single ship rat was
recorded in 1999-2004 (Kelly et al. 2005). However, three ship
rats were caught in 2008-2009, and since then, 383 more
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Fig. 1. Study site locations within Craigieburn Forest Park, Canterbury, New Zealand. Bird count stations were along tracks or
gravel roads (plain thick lines) at three sites: Cheeseman (Ch), Broken River, with four subsites (Br - Broken River road, Bl - Lyndon
track, Bd - Dracophyllum track, and Bm - Mistletoe track), and Craigieburn (Cr). Nothofagus solandri seedfall was measured at
Broken River at 1,050 m elevation (dotted thick line). The base map was from New Zealand Topo50 maps.
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Table 1. Total number of 5-min bird counts by study, site/subsite, and season. The number of study years corresponds to calendar
years. Sites were Cheeseman (Ch), Broken River with four subsites (Br - Broken River road, Bd - Dracophyllum track, Bl - Lyndon
track, and Bm - Mistletoe track), and Craigieburn road (Cr). For analysis, counts were grouped into three seasons by including June
counts in autumn and August counts in spring (southern hemisphere seasons).

Study period Years Sites/subsites Autumn Spring Summer Total
(Mar—Jun) (Aug-Nov) (Dec—Feb)

1978-1982 5 Br, Bd, Bl, Bm 3,680 2,720 1,920 8,320

1999-2004 6 Br, Bd, Cr, Ch 270 510 1,230 2,010

2019-2020 2 Br, Bd, B, Cr, Ch 278 0 330 608

Total 13 4,228 3,230 3,480 10,938

Table 2. Variation in Nothofagus solandri seedfall and pest control
(stoat and wasp) at Craigieburn Forest Park. Seedfall (annual
mean mountain beech seeds per m?) is given only for years with
bird counts. Sites: Broken River = B, Cheeseman = Ch, and
Craigieburn = Cr.

Year Seedfall/ Pest Pest Reference

m? control  control site
1973-1977 stoat B King (1983)
1978 593 stoat B King (1983)
1979 6,587
1980 8.1
1981 28.2
1982 6,600
1994 stoat B, Cr Spurr (2000)
1999 6,083 Kelly et al. (2005)
2000 3,503 stoat B Kelly et al. (2005)
2001 13 stoat B Kelly et al. (2005)
2002 5,340 Kelly et al. (2005)
2003 49 Kelly et al. (2005)
2004 7,958 Kelly et al. (2005)
2007-2014 stoat B, Ch, Cr Harris et al. (2022)
2015-2018 stoat, wasp B, Ch, Cr Harris et al. (2022)

2019 5,355 stoat, wasp B, Ch, Cr Harris et al. (2022)

have been caught in 2010-2019 (Harris et al. 2022). A Vespula
wasp management program has been carried out since 2015 using
poison bait (Vespex) (Crossland 2017).

Statistical Analysis

We analyzed trends over time for 15 bird species: the nine most
commonly recorded native species and the six most common
exotics. For each bird species, the response variable was the
number of birds per 5-min count. Fixed effects were either study,
year, or seedfall, along with season, elevation, and site. Study was
used as a fixed effect with three levels (with the 1999-2004 study
as the reference period) to explore the longer-term bird species
trends, whereas year was used in separate models to examine bird
population trends across individual years. Seedfall was used to
investigate the relationship between mountain beech masting and
bird counts.

We used generalized linear mixed models (GLMMs) to examine
factors likely to influence 5-min bird counts (Dawson and Bull
1975, Dawson et al. 1978, Hartley 2012) and to allow for the
unbalanced study design using fixed and random terms. For
location, we used a fixed term for site (Broken River, Cheeseman,

or Craigieburn) and present fitted values for Broken River, which
had 88% of the counts. Within sites, marked bird count stations
were established independently in each study period, so we fitted
random terms at two nested spatial scales: subsite (the particular
road or track; Fig. 1) and individual stations (constant within a
period). The final model used either station nested within subsite,
or only station, whichever gave a lower Akaike Information
Criterion (AIC) (Sakamoto et al. 1986), as listed in Append 1:
Table A1. We also included a random term for observer. Observers
often counted across multiple dates within a study, but no
observers spanned all three studies. Thus, the random term
corrected for observer differences among dates within a study,
whereas comparisons between studies used the observer-
corrected fitted means from each of the studies.

Elevation and season were included as fixed effects (Elliott et al.
2010). Although the four seasons were not surveyed evenly, the
large number of counts performed every 2 mo in 1980-1982
allowed us to measure seasonal trends in each bird species and
use this to correct for any differences in seasonal spread of counts
among different time periods. Winter (June-August in the
southern hemisphere) counts were common in 1978-1982 (n =
2800), but not performed in 1999-2004 and rare (n = 40) in 2019—
2020, so we added June (early winter) bird counts into the
“autumn” category and August (late winter) counts into “spring”
(Table 1). Although spring counts were included in the analysis
(see Append. 1: Tables A2, A3 for detailed spring outputs), we
present bird fitted values only for autumn and summer as these
seasons had counts performed in all three studies (Table 2). For
year-to-year comparisons, we grouped counts by “seed year”
corresponding to 12 mo from March to the following February.
This was to ensure that counts from one summer (December—
February) were included in a single year, and to allow for possible
impacts of variable mountain beech seed crops among years. The
seed year started in March when mountain beech seed begins to
fall, with a direct or delayed impact on some bird species, rodent,
and stoat numbers (King 1983, O'Donnell and Phillipson 1996,
O'Donnell and Hoare 2012).

Generalized linear mixed models were run using the glmmTMB
package (Brooks et al. 2017) in R software version 3.5.1 (R Core
Development Team 2018), initially with a Poisson error
distribution. For some bird species, there was significant
overdispersion with a large number of zeros, so we also explored
negative binomial, zero-inflated Poisson or zero-inflated negative
binomial error distributions, and selected the best model using
AIC (see detailed formula in Append. 1: Table A1). In four species,
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Table 3. Raw mean birds per 5-min count for all birds recorded at Craigieburn across three study periods (1978-1982, 1999-2004, 2019-
2020), ranked by overall mean abundance. *Long-tailed Cuckoo are migratory and present in New Zealand only for the breeding season

(Summer), so their means are based only on summer counts.

Bird common name Species name Status 1978-1982 1999-2004 2019-2020
Bellbird Anthornis melanura Native 2.271 2.513 5.14
Silvereye Zosterops lateralis Native 1.345 0.877 1.613
Chaffinch Fringilla coelebs Exotic 1.243 0.825 1.286
Common Redpoll Carduelis flammea Exotic 1.749 0.641 0.729
Rifleman Acanthisitta chloris Native 1.062 0.347 0.507
Tomtit Petroica macrocephala Native 0.397 0.314 0.385
Brown Creeper Mohoua novaeseelandiae Native 0.407 0.288 0.064
Grey Warbler Gerygone igata Native 0.315 0.181 0.156
Eurasian Blackbird Turdus merula Exotic 0.163 0.105 0.089
New Zealand Fantail Rhipidura fuliginosa Native 0.061 0.119 0.039
Dunnock Prunella modularis Exotic 0.122 0.012 0.071
European Greenfinch Carduelis chloris Exotic 0.107 0.061 0.031
European Goldfinch Carduelis carduelis Exotic 0.056 0.003 0.11
Kea Nestor notabilis Native 0.038 0.08 0
Song Thrush Turdus philomelos Exotic 0.021 0.051 0.030
Long-tailed Cuckoo * Eudynamys taitensis Native 0.058 0.012 0.015
Australasian Magpie Gymnorhina tibicen Exotic 0.025 0.001 0
Yellowhammer Emberiza citrinella Exotic 0.008 0.002 0.013
Parakeet spp. / Kakariki Cyanoramphus spp. Native 0.0004 0.012 0.008
Welcome Swallow Hirundo neoxena Native 0 0 0.007
New Zealand Falcon Falco novaeseelandiae Native 0.001 0.001 0.002
Swamp Harrier Circus approximans Native 0.001 0 0.003
Southern Black-backed Gull Larus dominicanus Native 0.003 0 0
Canada Goose Branta canadensis Exotic 0 0 0.003
Paradise Shelduck Tadorna variegata Native 0 0.002 0
Common Starling Sturnus vulgaris Exotic 0.001 0 0
Shag spp. Phalacrocorax spp. Native 0.0005 0 0
South Island Robin Petroica australis Native 0 0.0005 0
Eurasian Skylark Alauda arvensis Exotic 0.0002 0 0

Tui Prosthemadera novaeseelandiae Native 0.0002 0 0
New Zealand Pigeon Hemiphaga novaeseelandiae Native 0.0001 0 0
Mallard Anas platyrhynchos Exotic 0.0001 0 0

a zero-inflated model (ZIP or ZINB) gave the best AIC for the
study period analysis, but could not be fitted to the seed year
analysis, which therefore had to use a Poisson GLMM (Append.
1: Table A1). This means the fitted values of the study and seed
year models were not directly comparable, but this only caused
noticeable differences for Rifleman, as discussed below. Each
model was checked for overdispersion and zero inflation using
the DHARMa package in R (Hartig 2020).

RESULTS

We detected 32 bird species (19 natives and 13 exotics), with
Bellbird the most often recorded overall, followed by Silvereye
(Zosterops lateralis) and two exotic species, Redpoll (Acanthis
flammea) and Chaffinch (Fringilla coelebs) (Table 3). Although
no Kea were recorded in 2019-2020 counts, residents at Castle
Hill village and personal observation confirmed that some Kea
remained around Craigieburn Forest Park in summer 2019-2020.
The analysis of fitted values by seed year corrects for unbalanced
sampling across seasons, sites (Broken River, Cheeseman, and
Craigieburn), and observers, which affect the raw means in Table
3, so the fitted values allow better comparison across years. The
analyses used either seed year (Figs. 2-4) or study period (Table
5). Species whose population abundance changed little across the
three study periods, such as Silvereye, Blackbird (Turdus merula),

or Long-tailed Cuckoo still had significant variation among years
(Fig. 2-4; Append. 1: Tables A2, A3). Interestingly, all common
exotic passerines (Blackbird, Chaffinch, Redpoll, Dunnock
(Prunella modularis), Greenfinch (Carduelis chloris), Goldfinch
(Carduelis carduelis)) showed significant increases in relation to
beech seed crops, but this was not apparent in the native species,
where only Bellbird showed a significant relationship with seedfall
(Table 4).

The key test for long-term trends is the study period analysis,
which compares between longer time blocks. Bellbird was the only
species showing a significant increase over the three studies (Table
5; Append. 1: Table A2). No species declined throughout the three
study periods, but counts of Brown Creeper and Grey Warbler
(Gerygone igata) were significantly lower at the end than at the
start. Brown Creeper counts were stable from 1978-1982 to 1999
2004 but then declined significantly by 2019-2020. Grey Warbler
counts decreased between 1978-1982 and 1999-2004 but then did
not change from 1999-2004 to 2019-2020. Four species
(Rifleman, Tomtit, Chaffinch, and Dunnock) decreased between
1978-1982 and 1999-2004, then recovered by 2019-2020. The
significant increase of Rifleman from 1999-2004 to 2019-2020
(Table 5) seems at odds with the low fitted values for 2019-2020
in Fig. 2, but the latter come from a Poisson GLMM, whereas the
analysis by study period used a zero-inflated Poisson. Because of
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the different way the ZIP model handles zeros, the study period
estimated fitted values for Rifleman were higher in 2019-2020
(summer 0.69 per count and autumn 0.20) than in 1999-2004
(summer 0.41, autumn 0.19). Significantly more Kea were
observed in 1999-2004 than in 1978-1982. The complete absence
of Kea during the 2019-2020 study prevented us from obtaining
any significant results between 2019-2020 and the two other study
periods. Six species (Silvereye, Fantail (Rhipidura fuliginosa),
Long-tailed Cuckoo, Redpoll, Blackbird, and Greenfinch)
showed no significant changes between study periods (Table 5).
Overall, between 1978-1982 and 1999-2004 more species
decreased than increased (five vs. two species), whereas from
1999-2004 to 2019-2020 there were more increases (six) than
decreases (one).

Table 4. Relationship between seedfall (annual mean number of
beech seeds per m?) and number of birds per 5-min bird count for
each bird species in Craigieburn Forest Park (see Append. 1: Table
Al for detailed formulas). Significant relationships in bold.

Bird species Estimate Std. Error z value P
Native

Bellbird 0.033 0.010 3.365 0.001
Rifleman -0.012 0.012 -1.078 0.281
Brown Creeper 0.025 0.020 1.232 0.218
Tomtit -0.013 0.016 -0.791 0.429
Grey Warbler -0.031 0.023 -1.353 0.176
Silvereye 0.008 0.019 0.446 0.656
Fantail -0.035 0.050 -0.705 0.481
Kea 0.048 0.031 1.543 0.123
Long-tailed -0.063 0.081 -0.776 0.438
Cuckoo

Exotic

Blackbird 0.103 0.028 3.673 <0.001
Chaffinch 0.278 0.030 9.106 <0.001
Redpoll 0.315 0.041 7.759 <0.001
Greenfinch 0.374 0.059 6.396 <0.001
Goldfinch 0.457 0.048 9.434 <0.001
Dunnock 0.189 0.027 6.951 <0.001
DISCUSSION

Study Limitations and Long-term Study

Designs

The maintenance of regular long-term monitoring of birds and
seedfall combined with pest control data is important for
improving pest management, such as the Predator-Free New
Zealand 2050 campaign (Owens 2017). Our study highlights the
challenges faced when measuring biological trends over long
periods. Three issues limit the strength of inferences we can make:
the time of year of sampling varied, the exact locations of bird
count stations were not available for earlier studies, and no
observers counted in more than one of the three time periods. We
discuss the possible impact of these issues and make
recommendations to reduce their effects in future work.

Sampling at different times of year affects bird counts because
conspicuousness (detectability) varies seasonally for some species
(Dawson et al. 1978). Sampling in the same months each year
would limit the influence of this confounding factor. In most
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Table 5. Long-term changes in counts for each study bird species
at Craigieburn Forest Park based on models predicting number
of birds per 5-min bird count from study period (1978-1982,
1999-2004, 2019-2020) and other covariables (see Append. 1:
Tables A1, A2 for full models). P values are shown in brackets
and “ns” means non-significant. * Brown Creeper: 2019-2020
significantly lower than 1978-1982 (z value = -2.022, P = 0.043);
Grey Warbler: 2019-2020 significantly lower than 1978-1982 (z
value =-3.028, P =0.002). For full details of analyses see Append.
1: Table A2; for fitted means in each study period, see Append.

1: Table A4.

Bird species

1978-1982 to 19992004

1999-2004 to 20192020

Native

Bellbird Increase (0.017) Increase (0.008)
Rifleman Decrease (<0.001) Increase (0.008)
Brown Creeper ns (0.882) Decrease* (0.065)
Tomtit Decrease (0.013) Increase (0.046)
Grey Warbler Decrease (<0.001) ns* (0.102)
Silvereye ns (0.224) ns (0.154)
Fantail ns (0.837) ns (0.718)

Kea Increase (0.010) ns (0.222)
Long-tailed Cuckoo ns (0.120) ns (0.732)
Exotic

Blackbird ns (0.552) ns (0.309)
Chaffinch Decrease (0.013) Increase (0.001)
Redpoll ns (0.563) ns (0.825)
Dunnock Decrease (<0.001) Increase (0.009)
Greenfinch ns (0.704) ns (0.705)
Goldfinch ns (0.157) Increase (0.044)

planned long-term studies in New Zealand, counts have been
made annually in October-December (austral spring—early
summer) (Hoare et al. 2012, O'Donnell and Hoare 2012).
However, in opportunistic long-term studies such as ours, which
build on counts made in earlier studies, count dates are necessarily
dictated by the dates used in the earlier studies (Pierce et al. 1993,
Smith and Westbrooke 2004, Spurr and Anderson 2004, Elliott
et al. 2010, Barnett 2011). In our study, the three studies sampled
in different combinations of months (see Methods). We could
have compared counts made only in the same months, but this
would have drastically reduced the number of counts available
for analysis. Instead, we chose to use all counts and include
seasonal variation in our modeling. This was possible because the
first time period (1978-1982) sampled intensively through all
seasons over several years. Thus, we were able to correct for season
when comparing changes across years.

The exact location of bird count stations can be important
because some areas (subsites) have different bird abundances, due
to variations in altitude, vegetation type, and other factors.
Statistically, this can be allowed for at various scales by including
random terms for subsite, track and/or count station, which
increases the power of the analysis to detect changes over time.
In our case, count stations were constant within a study, but
different between studies, because the exact count station
locations for the first two studies were not recorded. We were able
to standardize for spatial variation at the subsite level because the
three studies sampled along many of the same tracks. This
controlled for altitude and vegetation effects, but not for any local
effects at individual count stations between time periods. A key
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Fig. 2. Fitted mean (+SE) number for six common native bird
species per 5-min bird count per seed year (where “1978” covers
March 1978 to February 1979) in Craigieburn Forest Park;
autumn (circle, solid line) and summer (triangle, dotted line).
Fitted values are shown for Broken River, but the analysis uses
data from all sites. When elevation was significant (Brown
Creeper, Grey Warbler, and Silvereye), fitted values are
predicted for 950 m elevation.
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lesson for future studies would be to archive the exact count
station locations.

More difficult is allowing for different observers over time.
Variation in bird counts among observers has long been of
concern (Faanes and Bystrak 1981, Lindenmayer et al. 2009). This
problem is inevitable in very long studies, where the available
observers will necessarily change over time (e.g., Elliottet al. 2010,
Graham et al. 2013, Miskelly 2018, Ralph et al. 2020). Even if the
same observers were present throughout, their counts likely alter
over time as they become more experienced and their high-
frequency hearing is weakened (Faanes and Bystrak 1981). The
most effective ways to decrease this variation are to use
experienced observers, to have training on-site initially for
standardization, and to have each site counted by several different
observers on different days (Faanes and Bystrak 1981,
Cunningham et al. 1999, Lindenmayer et al. 2009). All those
methods were used in our study. The resulting average counts have
been found to be similar enough that adjusting for observer
differences would have relatively little effect (Lindenmayer et al.
2009).
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Fig. 3. Fitted mean (£SE) number per 5-min bird count per
seed year in Craigieburn Forest Park for three native bird
species. There were no significant differences between seasons
for Kea and Long-tailed Cuckoo. Codes and conventions as for
Fig. 2. When elevation was significant (Fantail, Kea), fitted
values are for 950 m elevation.
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Using consistent sampling design, and carefully archiving raw
data with open access for interested researchers would facilitate
future long-term studies, as recommended by Hartley (2012).
Standardized methods are already used by some large-scale
programs such as the National Vegetation Survey databank in
New Zealand (Wiser et al. 2001) and the Forest Inventory and
Analysis program in the USA (Bechtold and Patterson 2005).
Similar approaches should be extended to other taxa at national
scales (Bellingham et al. 2020).

Long-term Changes at Craigieburn Forest

Park

The long-term trends in bird counts 1978-2020 were different for
native and exotic birds. Only one native species (Bellbird) showed
a consistent increase in counts from the start to the end of our
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Fig. 4. Fitted mean (+SE) number for six common exotic bird
species per seed year in Craigieburn Forest Park. Conventions
as for Fig. 2. Fitted values are for 950 m elevation when
significant (Blackbird, Chaffinch, Redpoll, and Greenfinch).
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study, and two (Brown Creeper and Grey Warbler) showed a
decrease. Most native species fluctuated, with more increasing
later in the study, coincident with regular pest control. In contrast,
the exotic birds seemed to largely fluctuate in response to beech
mast seed years. Although confounding variables such as seasons
or observers were considered in our analysis, the results need to
be interpreted carefully due to the complexity of the data set. As
this study was observational rather than manipulative, the causes
of trends cannot be established with certainty, but some links with
the literature can be made.

The increase in Bellbird counts across the three study periods is
likely in part due to stoat control programs, because the benefits
of pest control for Bellbird populations are well documented
(Graham and Veitch 2002, Kelly et al. 2005, O'Donnell and Hoare
2012, Graham et al. 2013, Miskelly 2018). The small-scale stoat
control carried out by Kelly et al. (2005) during two breeding
seasons (summer 2000-2001 and 2001-2002) at Craigieburn
Forest Park revealed that stoat trapping can increase Bellbird
nesting success and 5-min bird counts. Bellbird is a relatively long-
lived species (5-10 yr), with adults less vulnerable to mammal
predation than eggs and chicks (Kelly et al. 2005). Under
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intermittent mammal pest control, adult Bellbirds are likely to
survive until the next pest control event (Kelly et al. 2005, Parlato
et al. 2015, Walker et al. 2019). In the absence of mammal pest
control in Nelson Lakes National Park, Bellbirds declined (Elliott
et al. 2010).

Two native species declined long term, Brown Creeper and Grey
Warbler, but only the first causes much concern. Brown Creeper
is present across much of the South Island’s native forest.
Although Robertson et al. (2007) reported a decrease in range
between the two Bird Atlases, the analysis by Walker and Monks
(2018) showed a stable range between 1969-1979 and 1999-2004,
and other work showed Brown Creepers benefit from mammal
pest control (O'Donnell and Hoare 2012). The decline at
Craigieburn Forest Park could be related to one-off events rather
than a slow declining process. Although we sampled from March
2019 to January 2020, this was all still in a single seed year, and
further counts would be required to confirm whether Brown
Creepers stay at lower densities. Declines in Brown Creeper
populations could negatively affect Long-tailed Cuckoos because
the cuckoo is a brood parasite of just two species as hosts: Brown
Creeper and its now-rare congener the Mohua (Robertson et al.
2001).

The decline in Grey Warblers is less concerning, and may be
related to competition with bird species that increase after
mammal pest control, such as Bellbirds. Competitive
relationships for resources have been previously observed between
Grey Warbler (and also Fantail and Silvereye) and various other
native species, including Bellbird (Innes et al. 2010, Miskelly
2018). Although Bellbirds increased and Grey Warblers
decreased, we did not observe declines in the counts of Fantails
or Silvereyes, so the causes of Grey Warbler decline remain
uncertain. The decline is of low concern as Grey Warbler (along
with Fantail and Silvereye) are common in natural and modified
habitats throughout New Zealand and appear to be less
vulnerable to predation by mammals than most endemic birds
(Ruffell and Didham 2017, Miskelly 2018).

The results for Rifleman are complex. The analysis by study
period showed that Rifleman increased significantly between
1999-2004 and 20192020, whereas the seed year analysis showed
low fitted means for Rifleman in the 2019 seed year. The raw data
showed low counts in autumn 2019, but relatively high counts in
January 2020. The difference between analysis by seed year vs.
study period can be explained by inherent differences between a
zero-inflated Poisson model (used in the study period analysis)
and a plain Poisson model (used in the seed year analysis where
a zero-inflated model did not converge). The zero-inflated model
should be more appropriate as Rifleman were often seen in family
groups, and for study period, the zero-inflated model had the best
AIC. The plain Poisson is expected to predict lower fitted means
(Brooks et al. 2017). We consider that the Rifleman population
did recover by 2020 from its significant decline between 1978—
1982 and 1999-2004, probably benefiting from the predator
control at Craigieburn Forest Park. Results of Rifleman
population responses to mammal pest control in other studies are
variable, with either a positive response (O'Donnell and Hoare
2012, Elliott and Kemp 2016) or a decline after pest control
(Vianen et al. 2018). Rifleman is a cavity-nesting species, which
makes it vulnerable to stoat and rat predation (O'Donnell 1996,
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Parlato et al. 2015, Walker et al. 2019). Tomtit showed a similar
general trend to Rifleman, also declining at Craigieburn from
1978-1982 to 1999-2004, and increasing from 1999-2004 to 2019-
2020, perhaps also benefiting from predator control.

The exotic bird populations in this study appeared to be stable
over long time scales, but showed pronounced short-term
increases during mountain beech high-seed years. All six exotic
species can be common in native forest, but they (especially the
four finches) are also often abundant in modified habitats
including grasslands (Case 1996, Barnagaud et al. 2014). Because
Craigieburn Forest Park adjoins exotic grasslands, increased
counts in high-seed years may be due to birds moving from
grasslands into the forest to feed on beech seed and/or associated
increases in arthropods (Alley et al. 2001, O'Donnell and Hoare
2012). In contrast to the exotic birds, only one native species
(Bellbird) increased in high-seed years. The Bellbird relationship
with seedfall may be coincidental, as Bellbirds do not feed directly
on beech seed. Of native birds at Craigieburn, only Parakeets
(Cyanoramphus spp.) eat beech seed, and they were too
uncommon to analyze. The responses of native birds to masting
are complex and dominated by lagged effects of mammalian pest
irruptions (O'Donnell and Phillipson 1996, Innes et al. 2010,
Elliott and Kemp 2016, Vianen et al. 2018). However, we could
not test this as intermittent mammal pest control meant that
seedfall would not be a good predictor of mammal pest densities,
and we had no direct measurements of mammal abundance.

Considered broadly, the early part of our study had intermittent
mammal pest control (stoat control in 9 yr between 1973 and
2004). This is more than most conservation lands in New Zealand,
which get no mammal pest control at all (Wright 2011). Mount
Misery, the location of the study by Elliott et al. (2010), is an
example. But even with modest pest control in Craigieburn Forest
Park, three of nine native species declined during the first 25 yr.
By contrast, our final counts in 2019-2020 came after 13 yr of
sustained stoat trapping, and three native bird species increased
(Bellbird, Rifleman, Tomtit), with only one decreasing (Brown
Creeper). Without manipulations, replication or non-treatment
areas, we cannot prove mammal pest control caused the increases,
but our data are generally consistent with other studies (Binny et
al. 2020) showing benefits of mammal pest control in New
Zealand forests for bird species undergoing gradual decline,
especially those in endemic genera like Rifleman. Exotic birds
showed a different pattern, as previous studies have also found
(Binny et al. 2020), with increases at the end of our study most
likely caused by the large mountain beech seed crop in 2019.

One point of concern is the recent arrival of the ship rat at
Craigieburn around 2010, as this is one of the worst bird predators
in New Zealand (Innes et al. 2010). Ship rats were completely
absent during the first study period and almost completely absent
during the second (one individual rat caught in 2000-2001). Since
2010, pest control programs at Craigieburn are regularly catching
ship rats, showing that they are now well established (Harris et al.
2022). Ship rat establishment may have been favored by climate
change (Allen et al. 2014, Walker et al. 2019, Harris et al. 2022)
and/or by low stoat density. Whitau et al. (in press) found that
stoat trapping in South Island beech forests increased rat density,
although Ruscoe et al. (2011) found no evidence for the latter in
North Island experiments. Although Rifleman and Tomtit
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populations showed an increase by 2019 in the presence of the
ship rat invasion, we could expect a stronger recovery as well as
an increase of Brown Creeper if pest control programs were
implemented to target ship rats (Graham and Veitch 2002,
Miskelly and Robertson 2002).

Birds provide important ecosystem services (Sekercioglu et al.
2016) including seed dispersal and pollination (Kelly et al. 2010,
Anderson et al. 2011). Many endemic New Zealand plants have
a close mutualistic relationship with native birds, with about 30%
of tree species having bird-visited flowers and 59% having fleshy
fruits (Kelly et al. 2010). Bellbird, Silvereye, and Tui are common
and widespread species that provide both pollination and seed
dispersal services (Anderson et al. 2006, Kelly et al. 2010). In New
Zealand, population declines among native birds due to predation
and competition affect these ecosystem services (Anderson et al.
2011). In some cases, pollination or dispersal services improved
following mammal pest control (Iles and Kelly 2014, Bombaci et
al. 2021). However, Kelly et al. (2005) found no evidence of a
short-term increase in pollination service for mistletoe (Peraxilla
tetrapetala) in Craigieburn after stoat control, despite a 79%
increase in Bellbird abundance. They suggested that Bellbird
density may have been too low to generate a detectable change in
pollination rates. At Craigieburn, Bellbird counts have increased
over the last 40 yr, including a significant increase post-2004, and
by summer 2019-2020, there were around 3.4 Bellbirds per 5-min
bird count compared with 1.5 in 1978-1982 (Append. 1: Table
A4). Although we have not measured current pollination service,
Craigieburn now has relatively high densities of the two key local
pollinators and frugivores (Kelly et al. 2006), with a growing
Bellbird population and stable Silvereye population.

In conclusion, long-term bird population changes in an area of
native forest with some mammal pest management varied between
native and exotic species at Craigieburn Forest Park. These results
suggest that stoat control programs may have benefited native
birds, especially in more recent years when trapping has been more
intensive and continuous. However, the recent establishment of
ship rats at the site could put new predation pressure on local
birds unless ship rat management programs are initiated. This
study clearly demonstrates that still-widespread endemic species
may need protection because their populations could lack
resilience against unpredictable events such as the arrival of
pathogens or predators.

Responses to this article can be read online at:
https://www.ace-eco.org/issues/responses.php/2176
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Appendix 1. Detailed outputs of statistical analysis of long-term, seed year population trends
and seedfall effect for each bird species with AIC best supported models.

Table Al Description of models used for each bird species to predict the mean number of birds
per 5-minute count. The best combination of explanatory variables: study period (Period) or
seed year (one seed year: March to February), season, site or elevation; random factors:
observer (Obs), Station (Stn), Subsite (Sbt) or date; and error distribution with either
generalized linear mixed model Poisson (Poisson GLMM), negative binomial (nb.GLMM) or
zero-inflated mixed model Poisson (ZIP), negative binomial (ZINB), was selected for each bird

species using AIC values.

Bird species Fixed effects Random effects Distribution AIC
Bellbird Period + Season + Site + Elevation ~ Obs, Stn, Date Poisson GLMM  34949.2
Seed year + Season + Site + Obs, Stn, Date Poisson GLMM  34929.8
Elevation
Seed fall + Season + Site Obs, Sbt/Stn, Date Poisson GLMM  34956.3
Rifleman Period + Season + Site Obs, Sbt/Stn, Date ZIP 24827.1
Seed year + Season + Site Obs, Stn, Date Poisson GLMM 24859
Seed fall + Season + Site Obs, Stn, Date Poisson GLMM  24931.7
Brown Creeper Period + Season + Site + Elevation ~ Obs, Stn, Date ZINB 12859.2
Seed year + Season + Site + Obs, Stn, Date ZINB 12744.1
Elevation
Seed fall + Season + Site + Obs, Stn, Date ZINB 12886.4
Elevation
Tomtit Period + Season + Site Obs, Stn, Date Poisson GLMM  16433.8
Seed year + Season + Site Obs, Stn, Date Poisson GLMM  16427.8
Seed fall + Season + Site Obs, Stn, Date Poisson GLMM  16437.7
Grey Warbler Period + Season + Site + Elevation ~ Obs, Stn, Date Poisson GLMM  12826.6
Seed year + Season + Site + Obs, Stn, Date Poisson GLMM  12812.9
Elevation
Seed f?" + Season + Site + Obs, Stn, Date Poisson GLMM  12853.1
Elevation
Silvereye Period + Season + Site + Elevation ~ Obs, Stn, Date ZINB 30963.1
Seed year + Season + Site + Obs, Stn, Date ZINB 31097.8
Elevation
Seed fall + Season + Site + Obs, Stn, Date ZINB 31025.7
Elevation
Fantail Period + Season + Site + Elevation Obs, Sbt/Stn, Date nb.GLMM 4623.1
Seed year + Season + Elevation Obs, Sbt/Stn, Date nb.GLMM 4701.8
Seed fall + Season + Elevation Obs, Sbt/Stn, Date nb.GLMM 4620.7
Blackbird Period + Season + Site + Elevation Obs, Stn, Date Poisson GLMM 8327.9
Seed year + Season + Site + Obs, Stn, Date Poisson GLMM 83109
Elevation
Seed fall + Season + Site + Obs, Sbt/Stn, Date  Poisson GLMM  8313.8
Elevation
Chaffinch Period + Season + Site + Elevation ~ Obs, Stn, Date nb.GLMM 26393.8
Seed year + Season + Site + Obs, Stn, Date nb.GLMM 263163
Elevation
Seed fall + Season + Site + Obs, Stn, Date Nb.GLMM  26334.1

Elevation



Redpoll

Dunnock

Greenfinch

Goldfinch

Kea

Long-tailed
Cuckoo

Period + Season + Site

Seed year + Season + Site

Seed fall + Season + Site

Period + Elevation

Seed year + Season + Elevation
Seed fall + Elevation

Period + Season + Site + Elevation

Seed year + Season + Site

Seed fall + Season + Site +
Elevation

Period + Season + Elevation
Seed year + Season + Elevation
Seed fall + Season + Elevation
Period + Season + Elevation
Seed year + Elevation

Seed fall+ Season + Elevation

Period + Site + Elevation

Seed year + Elevation
Seed fall + Site + Elevation

Obs, Stn, Date
Obs, Stn, Date
Obs, Stn, Date
Obs, Stn, Date
Obs, Stn, Date
Obs, Stn, Date

Obs, Sbt/Stn, Date

Obs, Stn, Date
Obs, Stn, Date

Obs, Stn, Date
Obs, Stn, Date
Obs, Stn, Date

Obs, Sbt/Stn, Date
Obs, Sbt/Stn, Date
Obs, Sbt/Stn, Date

Obs, Sbt /Stn, Date

Obs, Sbt/Stn, Date
Obs, Sbt/Stn, Date

ZINB
nb.GLMM
ZINB
nb. GLMM
nb. GLMM
nb. GLMM
ZINB
Poisson GLMM

ZINB

ZINB
Poisson GLMM
ZINB
nb.GLMM
nb.GLMM
nb.GLMM

Poisson GLMM

Poisson GLMM
Poisson GLMM

25678.9
25724.2
25682.6
6343.9
6268.1
6319.8
4930.9
5203.2

4880.6

2964.4
3287.5
2914.9
3626
3612.9
3642.2

953.9

956.5
955.7

Table A2 Summary of statistical model outputs (estimate, standard error, Z value and
p-value) for long-term trends for each bird species with study period (1978-79, 1999-
2004, 2019-2020), season (summer, autumn, spring), site (Broken river: “BR”,
Cheeseman: “CH”, Craigieburn: “CR”) and elevation. For birds marked with a
superscript z, only the conditional part of zero-inflated mixed models is shown. The
intercept corresponds to study period: 1999-2004, season: summer and site: BR. *
Brown Creeper: 2019-20 significantly different from 1978-82 (z value = -2.022, P =
0.043); Grey Warbler: 2019-20 significantly different from 1978-82 (z value = -3.028,

P =0.002).

Bird species Fixed effects Estimate Std.Error z value

Bellbird Intercept 1.348622 0.389255 3.465 <0.001
1978-82 -0.359634 0.150785 -2.385 0.017
2019-20 0.466073 0.176575 2.64 0.008
Autumn 0.587537 0.072197 8.138 <0.001
Spring 0.007182 0.075501 0.095 0.924
CH 0.086471 0.087842 0.984 0.325
CR -0.162796 0.098481 -1.653 0.098
Elevation -0.602446 0.379804 -1.586 0.112

Rifleman # Intercept -0.7187 0.20773 -3.46 0.001
1978-82 0.99467 0.24063 4.134 <0.001
2019-20 0.81832 0.31083 2.633 0.008
Autumn -0.21245 0.07824 -2.716 0.007
Spring -0.39817 0.08164 -4.877 <0.001
CH -0.06631 0.13664 -0.485 0.627



Brown Creeper ?

Tomtit

Grey Warbler

Silvereye ?

Fantail

Blackbird

Chaffinch

CR
Intercept
1978-82
2019-20
Autumn
Spring
CH

CR
Elevation
Intercept
1978-82
2019-20
Autumn
Spring
CH

CR
Intercept
1978-82
2019-20
Autumn
Spring
CH

CR
Elevation
Intercept
1978-82
2019-20
Autumn
Spring
CH

CR
Elevation
Intercept
1978-82
2019-20
Autumn
Spring
Elevation
Intercept
1978-82
2019-20
Autumn
Spring
CH

CR
Elevation
Intercept

0.54412
-4.92158
0.0414
-1.03949
1.15552
0.03772
-0.32183
0.64227
4.76274
-1.3221
0.4998
0.5232
-0.318
-0.382
0.1374
0.4017
-3.7608
1.6018
0.6005
-1.2997
-0.4482
0.7017
0.9315
1.3417
0.4891
0.37884
0.55939
0.46735
-0.06663
-0.25361
0.25504
-0.99953
1.7931
-0.1082
-0.2618
-0.1951
-1.4925
-1.4925
-0.63387
0.22961
0.51333
-0.70498
0.07099
-0.54261
-0.85662
-1.97332
-0.56424

0.23545
0.83523
0.27906
0.56251
0.16252
0.15514
0.27416
0.45215
0.83153
0.1723
0.2008
0.2623
0.1181
0.1227
0.1016
0.1396
0.6516
0.2734
0.3676
0.1632
0.1643
0.1697
0.2143
0.6284
0.49373
0.31139
0.39218
0.13893
0.14523
0.1213
0.15947
0.43561
1.1198
0.5267
0.7237
0.3291
0.3687
0.3687
0.83996
0.38648
0.50425
0.21337
0.21688
0.22117
0.33178
0.81651
0.67697

2.311
-5.892
0.148
-1.848
7.11
0.243
-1.174
1.42
5.728
-7.675
2.489
1.995
-2.693
-3.112
1.352
2.878
-5.772
5.859
1.634
-7.962
-2.728
4.135
4.347
2.135
0.991
1.217
1.426
3.364
-0.459
-2.091
1.599
-2.295
1.601
-0.205
-0.362
-0.593
-4.048
-4.048
-0.755
0.594
1.018
-3.304
0.327
-2.453
-2.582
-2.417
-0.833

0.021
<0.001
0.882
0.065*
<0.001
0.808
0.240
0.156
<0.001
<0.001
0.013
0.046
0.007
0.002
0.176
0.004
<0.001
<0.001
0.102*
<0.001
0.006
<0.001
<0.001
0.033
0.322
0.224
0.154
0.001
0.646
0.037
0.110
0.022
0.109
0.837
0.718
0.553
<0.001
<0.001
0.450
0.552
0.309
0.001
0.743
0.014
0.010
0.016
0.405



Redpoll

Dunnock

Greenfinch 2

Goldfinch?

Kea

Long-tailed Cuckoo

1978-82
2019-20
Autumn
Spring
CH

CR
Elevation
Intercept
1978-82
2019-20
Autumn
Spring
CH

CR
Intercept
1978-82
2019-20
Elevation
Intercept
1978-82
2019-20
Autumn
Spring
CH

CR
Elevation
Intercept
1978-82
2019-20
Autumn
Spring
Elevation
Intercept
1978-82
2019-20
Autumn
Spring
Elevation
Intercept
1978-82
2019-20
CH

CR
Elevation

1.67456
2.71258
-0.62815
-0.39746
0.18799
-0.11162
-1.49802
-1.4262
0.4208
0.2088
0.0997
-0.3598
-0.1325
0.2239
-3.4759
2.559
1.8915
-2.1652
1.613
0.295
0.411
1.335
-0.036
0.152
-1.304
-6.191
-3.9532
1.7759
3.0037
2.4109
0.8533
-3.7041
-5.9504
-0.57957
-19.23333
0.02038
0.36562
3.56034
-9.649
1.309
-0.113
-1.858
-16.766
4.604

0.67415
0.84601
0.2745
0.29066
0.08997
0.11844
0.36397
0.6194
0.7282
0.9415
0.389
0.4132
0.1949
0.2768
1.1659
0.5678
0.7209
1.0609
1.324
0.780
1.083
0.534
0.542
0.535
0.570
1.193
2.0005
1.2541
1.4921
1.4019
1.3727
1.1088
1.3382
0.4049
2453.841
0.22808
0.21769
1.33787
2.254
0.712
1.163
0.934
4590.526
2.235

2.484
3.206
-2.288
-1.367
2.089
-0.942
-4.116
-2.303
0.578
0.222
0.256
-0.871
-0.68
0.809
-2.981
4.507
2.624
-2.041
1.218
0.379
0.380
2.500
-0.067
0.284
-2.287
-5.191
-1.976
1.416
2.013
1.72
0.622
-3.341
-4.446
-1.431
-0.008
0.089
1.68
2.661
-4.281
1.838
-0.097
-1.988
-0.004
2.060

0.013
0.001
0.022
0.171
0.037
0.346
<0.001
0.021
0.563
0.825
0.798
0.384
0.497
0.419
0.003
<0.001
0.009
0.041
0.223
0.705
0.704
0.012
0.946
0.777
0.022
<0.001
0.048
0.157
0.044
0.085
0.534
0.001
<0.001
0.152
0.994
0.929
0.093
0.008
<0.001
0.066
0.923
0.047
0.997
0.039




Table A3 Summary of statistical model outputs (estimate, standard error: “SE”, Z value
and p-value) for seed year trends for each bird species with season (summer, autumn,
spring), site (Broken river: “BR”, Cheeseman: “CH”, Craigieburn: “CR”) and elevation.
For birds marked with a superscript z, only the conditional part of zero-inflated mixed
models is shown. The intercept corresponds to seed year: 1978, season: summer, site: BR.

Bird species Fixed effects Estimate SE z value P
Bellbird Intercept 0.74741 0.39255 1.904 0.057
1979 0.51178 0.13867 3.691 <0.001
1980 0.06305 0.14601 0.432 0.666
1981 0.19309 0.14967 1.29 0.197
1982 0.2334 0.15047 1.551 0.121
1999 0.51259 0.2077 2.468 0.014
2000 0.74155 0.23453 3.162 0.002
2001 0.67787 0.21028 3.224 0.001
2002 0.40331 0.24394 1.653 0.098
2003 0.64303 0.24393 2.636 0.008
2019 1.09083 0.1938 5.629 <0.001
Autumn 0.55278 0.06757 8.181 <0.001
Spring 0.01948 0.07089 0.275 0.783
CH 0.08698 0.08772 0.992 0.321
CR -0.15469 0.09815 -1.576 0.115
Elevation -0.60034 0.37982 -1.581 0.114
Rifleman Intercept 0.26922 0.2205 1.221 0.222
1979 0.2594 0.15185 1.708 0.088
1980 0.04994 0.16136 0.309 0.757
1981 -0.14703 0.16925 -0.869 0.385
1982 -0.19929 0.16948 -1.176 0.240
1999 -2.09401 0.36393 -5.754 <0.001
2000 -0.80479 0.3812 -2.111 0.035
2001 -0.75301 0.35937 -2.095 0.036
2002 -0.94524 0.38665 -2.445 0.014
2003 -0.35003 0.39287 -0.891 0.373
2019 -1.28786 0.35038 -3.676 <0.001
Autumn -0.24958 0.07203 -3.465 0.001
Spring -0.37493 0.07491 -5.005 <0.001
CH -0.28751 0.14379 -1.999 0.046
CR 0.03746 0.2138 0.175 0.861
Brown Creeper ? Intercept -4.5827 0.81745 -5.606 <0.001
1979 0.69516 0.26382 2.635 0.008
1980 0.41347 0.27197 1.52 0.128

1981 -0.09386 0.27537 -0.341 0.733



Tomtit

Grey Warbler

Silvereye?

1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
CH

CR
Elevation
Intercept
1979
1980
1981
1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
CH

CR
Intercept
1979
1980
1981
1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
CH

CR
Elevation
Intercept
1979
1980
1981

0.15257
0.35977
0.48752
0.21029
0.37193
-0.06192
-0.62532
1.06768
0.11281
-0.19506
0.43058
4.26691
-0.4661
-0.4919
-0.1808
-0.3066
-0.5006
-0.6014
-0.3929
-0.9628
-1.0579
-1.6663
-0.3214
-0.3289
-0.4146
0.1363
0.3615
-1.95863
-0.66348
0.05434
0.08369
0.18962
-1.15184
-1.94695
-1.85401
-2.4617
-2.1656
-1.13736
-1.35125
-0.5821
0.70435
0.86068
1.3308
1.53544
-0.54708
-0.59832
-0.54826

0.26481
0.39665
0.51989
0.35715
0.50265
0.43534
0.53612
0.1492
0.14803
0.26088
0.46439
0.80206
0.2432
0.2413
0.2516
0.2546
0.2565
0.3108
0.3608
0.3196
0.3846
0.4135
0.2942
0.1159
0.1212
0.1012
0.1398
0.67923
0.32138
0.33028
0.33267
0.333
0.42364
0.5133
0.44004
0.5505
0.53302
0.41869
0.15751
0.15996
0.16908
0.21334
0.62733
0.50976
0.25771
0.26878
0.27628

0.576
0.907
0.938
0.589
0.74
-0.142
-1.166
7.156
0.762
-0.748
0.927
5.32
-1.917
-2.038
-0.718
-1.204
-1.952
-1.935
-1.089
-3.012
-2.75
-4.03
-1.093
-2.838
-3.422
1.347
2.587
-2.884
-2.064
0.165
0.252
0.569
-2.719
-3.793
-4.213
-4.472
-4.063
-2.716
-8.579
-3.639
4.166
4.034
2121
3.012
-2.123
-2.226
-1.984

0.565
0.364
0.348
0.556
0.459
0.887
0.243
<0.001
0.446
0.455
0.354
<0.001
0.055
0.042
0.473
0.229
0.051
0.053
0.276
0.003
0.006
<0.001
0.275
0.005
0.001
0.178
0.010
0.004
0.039
0.869
0.801
0.569
0.007
<0.001
<0.001
<0.001
<0.001
0.007
<0.001
<0.001
<0.001
<0.001
0.034
0.003
0.034
0.026
0.047



Fantail

Blackbird

Chaffinch

1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
CH

CR
Elevation
Intercept
1979
1980
1981
1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
Elevation
Intercept
1979
1980
1981
1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
CH

CR
Elevation
Intercept
1979
1980
1981
1982

-0.09408
-0.79693
-1.15875
-0.63226
-1.05595
-0.59246
-0.17537
0.39729
-0.07162
-0.2895
0.12105
-1.14976
1.96406
-0.78721
0.52995
1.07647
0.16016
2.13788
1.21612
-18.94707
-3.19732
-18.91442
0.09774
-0.46575
-1.7428
-5.63398
-0.52428
0.41596
-0.19549
0.11418
1.1963
0.3827
-0.55013
0.0782
-0.79077
0.03848
0.60591
-0.96874
-0.16424
-0.54395
-0.8983
-1.9941
1.20947
0.59898
-0.91335
-0.65475
1.35022

0.27715
0.40897
0.49606
0.41177
0.50682
0.47381
0.39024
0.12942
0.13673
0.12913
0.16221
0.44039
1.13639
0.60104
0.60834
0.60627
0.61383
0.68506
0.7846

2551.016

1.30104

3648.033

0.71362
0.24486
0.29207
1.03375
0.90881
0.47904
0.49389
0.49648
0.49124
0.60001
0.70534
0.61248
0.73714
0.70492
0.5856
0.20457
0.20712
0.22024
0.33316
0.81686
0.61889
0.40433
0.42362
0.42838
0.42525

-0.34
-1.949
-2.336
-1.536
-2.083

-1.25
-0.449

3.07
-0.524
-2.242
0.746
-2.611
1.728

-1.31
0.871
1.776
0.261
3.121

1.55
-0.007
-2.458
-0.005

0.137
-1.902
-5.967

-5.45
-0.577
0.868
-0.396

0.23
2.435
0.638

-0.78
0.128
-1.073
0.055

1.035
-4.735
-0.793

-2.47
-2.696
-2.441

1.954

1.481
-2.156
-1.528
3.175

0.734
0.051
0.019
0.125
0.037
0.211
0.653
0.002
0.600
0.025
0.456
0.009
0.084
0.190
0.384
0.076
0.794
0.002
0.121
0.994
0.014
0.996
0.891
0.057
<0.001
<0.001
0.564
0.385
0.692
0.818
0.015
0.524
0.435
0.898
0.283
0.956
0.301
<0.001
0.428
0.014
0.007
0.015
0.051
0.139
0.031
0.126
0.002



Redpoll

Dunnock

Greenfinch

1999
2000
2001
2002
2003
2019
Autumn
Spring
CH

CR
Elevation
Intercept
1979
1980
1981
1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
CH

CR
Intercept
1979
1980
1981
1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
Elevation
Intercept
1979
1980
1981
1982
1999
2000

-0.72391
-1.24866
-3.45696
-1.37316
-1.23203
1.20571
-0.97062
-0.4005
0.18856
-0.11895
-1.50713
-20.1881
20.5693
18.531
18.8497
21.661
19.4408
19.3168
16.2484
18.4377
17.8885
19.3962
-0.4774
-0.1512
-0.2405
-0.6048
-2.6873
2.6614
2.136
1.6286
3.7353
0.4352
-0.9022
-0.3402
-0.4892
-1.1553
1.6965
-0.3366
-0.5222
-2.3188
-23.030
19.300
17.700
17.030
20.120
17.880
18.790

0.76852
0.83636
0.78686
0.86056
0.86032
0.73053
0.20877
0.22049
0.08981
0.11791
0.3641
762.0213
762.0213
762.0214
762.0214
762.0214
762.0215
762.0216
762.0216
762.0217
762.0217
762.0215
0.2402
0.2563
0.1887
0.2253
1.2139
0.7
0.7067
0.7156
0.7063
0.8343
1.1168
0.9314
1.0467
1.1207
0.8016
0.173
0.188
1.0508
1783.0
1783.0
1783.0
1783.0
1783.0
1783.0
1783.0

-0.942
-1.493
-4.393
-1.596
-1.432
1.65
-4.649
-1.816
2.099
-1.009
-4.139
-0.026
0.027
0.024
0.025
0.028
0.026
0.025
0.021
0.024
0.024
0.026
-1.988
-0.59
-1.275
-2.685
-2.214
3.802
3.023
2.276
5.289
0.522
-0.808
-0.365
-0.467
-1.031
2.117
-1.946
-2.778
-2.207
-0.013
0.011
0.01
0.01
0.011
0.01
0.01

0.346
0.135
<0.001
0.111
0.152
0.099
<0.001
0.069
0.036
0.313
<0.001
0.979
0.978
0.981
0.980
0.977
0.980
0.980
0.983
0.981
0.981
0.980
0.047
0.555
0.202
0.007
0.027
<0.001
0.003
0.023
<0.001
0.602
0.419
0.715
0.640
0.303
0.034
0.052
0.005
0.027
0.990
0.991
0.992
0.992
0.991
0.992
0.992



Goldfinch

Kea

Long-tailed Cuckoo

2001
2002
2003
2019
Autumn
Spring
CH

CR
Intercept
1979
1980
1981
1982
1999
2000
2001
2002
2003
2019
Autumn
Spring
Intercept
1979
1980
1981
1982
1999
2000
2001
2002
2003
2019
Elevation
Intercept
1980
1981
1982
1999
2000
2001
2002
2003
2019
Elevation

15.690
18.560
-11.510
18.150
0.490
0.969
0.577
0.336
-25.080
18.400
17.140
16.420
19.370
16.680
-5.027
-15.470
18.920
-7.508
19.88
2.630
2.935
-7.4136
-0.07132
-0.02125
0.33892
0.82645
1.32268
-0.20802
1.06314
0.0797
-0.78241

-18.63122

3.49519
-7.888
0.038
0.532
0.976

-19.305
-0.527
-2.159

-20.248
0.251
-1.066
3.628

1783.0
1783.0
417600.0
1783.0
0.388
0.413
0.357
0.405
2199
2199
2199
2199
2199
2199
1.57E+05
3.98E+06
2199
3.58E+05
2199
0.496
0.518
1.36454
0.49604
0.51295
0.51792
0.50363
0.57088
0.71325
0.58738
0.69873
0.85217
2610.844
1.33193
2.238
0.798
0.874
0.991
5047.256
1.105
1.428
8847.276
1.041
1.147

2.163

0.009
0.01

0.01
1.262
2.344
1.617

0.83
-0.011
0.008
0.008
0.007
0.009
0.008

0.009
0.000
0.009
5.298
5.662
-5.433
-0.144
-0.041
0.654
1.641
2.317
-0.292
1.81
0.114
-0.918
-0.007
2.624
-3.524
0.048
0.609
0.985
-0.004
-0.477
-1.512
-0.002
0.241
-0.929
1.677

0.993
0.992
1.000
0.992
0.207
0.019
0.106
0.407
0.991
0.993
0.994
0.994
0.993
0.994

0.993
1.000
0.993
<0.001
<0.001
<0.001
0.886
0.967
0.513
0.101
0.021
0.771
0.070
0.909
0.359
0.994
0.009
<0.001
0.962
0.543
0.325
0.997
0.633
0.131
0.998
0.810
0.353
0.094




Table A4 Fitted mean number of each bird species per 5-min count per study
period (1978-82, 1999-2004, 2019-20) in summer at Broken River (see Tables
Al and A2 for full models).

Bird species 1978-82 1999-2004 2019-20
Native

Bellbird 1.517 2.173 3.464
Rifleman 1.308 0.411 0.690
Brown Creeper 0.214 0.271 0.028
Tomtit 0.439 0.267 0.450
Grey Warbler 0.413 0.083 0.152
Silvereye 0.876 0.586 1.098
Fantail 0.027 0.031 0.024
Kea 0.016 0.038 0.000
Long-tailed Cuckoo 0.021 0.006 0.005
Exotic

Blackbird 0.102 0.081 0.136
Chaffinch 0.731 0.137 2.065
Redpoll 0.365 0.170 0.285
Dunnock 0.051 0.004 0.026
Greenfinch 0.006 0.003 0.005

Goldfinch 0.0004 0.0001 0.005
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