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Abstract

Reports of declines in abundance and biomass of insects and other invertebrates
from around the world have raised concerns about food limitation that could have
profound impacts for insectivorous species. Food availability can clearly affect
species; however, there is considerable variation among studies in whether this
effect is evident, and thus a lack of clarity over the generality of the relationship.
To understand how decreased food availability due to invertebrate declines will
affect bird populations, we conducted a systematic review and used meta-analytic
structural equation modelling, which allowed us to treat our core variables of
interest as latent variables estimated by the diverse ways in which researchers
measure fecundity and chick body condition. We found a moderate positive
effect of food availability on chick body condition and a strong positive effect on
reproductive success. We also found a negative relationship between chick body
condition and reproductive success. Our results demonstrate that food is generally
a limiting factor for breeding songbirds. Our analysis also provides evidence for
a consistent trade-off between chick body condition and reproductive success,
demonstrating the complexity of trophic dynamics important for these vital rates.

KEYWORDS
bird breeding success, insect decline, meta-analytic structural equation modelling, nestling body
condition, prey availability, survival-reproductive success trade-off

consume an estimated 400-500 million metric tonnes
of insects annually (Nyffeler et al., 2018). Within pas-

From the tropics to the tundra, entomologists have re-
ported long-term declines in insect abundance, biomass
and species richness over the past half century (Hallmann
et al.,, 2017, Hoye et al., 2013; Loboda et al., 2018;
Roubik, 2001; Salcido et al., 2020; Wagner, 2020; Wagner
et al., 2021). While not all insects are declining (Boyes
et al., 2019; Van Klink et al., 2020), even local declines
in insect abundance could have considerable ecological
consequences. For example, nearly all terrestrial food
webs include insects as critical links between plants and
higher trophic levels (Kagata & Ohgushi, 2006; Yang &
Gratton, 2014). For birds in particular, insect declines
could have particularly influential impacts. Insects are
the primary food source for 90% of all land birds, which

serines (songbirds)—which comprise the majority of all
birds with roughly 6500 species—more than half have
a diet composed of at least 70% invertebrates (Wilman
et al., 2014). Even passerines considered primarily non-
insectivorous as adults generally feed invertebrates to
nestlings, suggesting a strong trophic link between in-
sect populations and songbird productivity. Given this
link, it is perhaps no surprise that parallel declines in
insectivorous birds have also been reported over the past
half century (Benton et al., 2002; Bowler et al., 2019;
Reif & Hanzelka, 2020; Rosenberg et al., 2019; Thomas
et al., 2004). The concurrent declines in insects and birds
have raised concerns that insect decline could be hav-
ing cascading effects on insectivores by reducing the
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food supply (Bowler et al., 2019; Meller, 2019; Tallamy
& Shriver, 2021).

Underlying these concerns is the fundamental as-
sumption that food is generally limiting in bird species
and that changes in the food supply can have large-scale
consequences for their populations. Food resources are
clearly important (Newton, 1980, 1998; White, 2008), but
the degree to which they govern bird population dynam-
ics is incompletely understood, despite being critically
important for informed conservation decisions. For in-
stance, previous reviews have shown that many exper-
imental studies of food supplementation have failed to
find the expected effects that would suggest food lim-
itation (Dijkstra et al., 1990; Newton, 1998). There are
many reasons why food may not be limiting for song-
birds, or may not be detected. Adults may only choose
to breed where there are sufficient food resources as is
seen when there is an effect of habitat quality on nest
site selection but not reproductive success (Chalfoun &
Schmidt, 2012; Stillman et al., 2019). There is also evi-
dence that females of many species adjust clutch sizes to
account for anticipated food resources, obviating the im-
portance of food availability on subsequent reproductive
stages because broods are small enough that there are
adequate resources (Lack, 1947). Dietary switching also
could mitigate the effects of decreased availability of one
food resource, such as insects, by substituting a more
abundant resource (Holling, 1959; Real, 1977; Whelan
etal., 1998), or food resources may simply be so abundant
that other factors are limiting (Newton, 1980). In addi-
tion to the food supply, a tangled web of other factors
can impact population processes, some of which may
be far more important to insectivorous birds. For exam-
ple, reproductive success can depend on factors as var-
ied as predator abundance and nest predation pressure
(Chalfoun et al., 2002), weather (Eeva et al., 2002; Imlay
et al., 2018; Moreno & Magiller, 2011; Shiao et al., 2015),
pollution (Eeva & Lehikoinen, 2010), nest site avail-
ability (Samplonius & Both, 2019), mate attraction and
pairing success (Dubois & Cézilly, 2002), among other
factors (Newton, 1998). Further, the drivers of reproduc-
tive success can vary both inter- and intra-specifically
(Boyle & Sigel, 2015), as well as changing over time and
space, making it difficult to determine the degree to
which food supply is an important factor at the popula-
tion level compared to other drivers.

If food availability affects bird population dynamics,
the two primary pathways proposed are through repro-
ductive success and survival, which is mediated by body
condition (Newton, 1980, 1998, 2004; White, 2008). The
benefit of nesting when food resources are abundant is
hypothesised to have led to synchrony between breed-
ing activities and the timing of peak food abundance
(Nooker et al., 2005; Siikamaki, 1998), and is the mech-
anistic basis for many concerns about the phenological
asynchrony that might result from climate change (Both
et al., 2006; Stenseth & Mysterud, 2002). Uneven rates

of phenological change across trophic levels in response
to climatic change (Thackeray et al., 2016; Youngflesh
et al., 2021) may result in a scenario in which peak re-
source requirements (i.e., during chick rearing) are not
temporally matched with peak resource availability (i.e.,
the seasonal peak in insect abundance). Under these con-
ditions, breeding birds could face food shortages, lead-
ing to concerns that phenological ‘mismatch’ could have
large-scale impacts on populations through reduced
food supply (Both et al., 2009; Visser et al., 1998, 2004;
Visser & Both, 2005; Zhemchuzhnikov et al., 2021).

Prey availability could also affect chick survival in-
directly via body condition. Increased food supplies in
the form of invertebrate abundance and biomass have
been positively linked to higher chick immune func-
tion (Brzek & Konarzewski, 2007, Knutie, 2020), chick
growth rates and mass at fledging (Shiao et al., 2019).
Birds that can maintain high body mass have higher an-
nual survival rates than those in worse condition (Cox
& Cresswell, 2014; Danner et al., 2013; Rioux Paquette
etal., 2014). When invertebrate prey abundance is low in a
breeding season, adults may face a trade-off between al-
locating food resources to producing offspring, increas-
ing offspring survival or maintaining their own body
condition and increasing chances for future reproductive
opportunities (Cox & Cresswell, 2014; Martin, 1987).
Food-limited adult birds, such as those breeding in urban
settings (Branston et al., 2021; Pollock et al., 2017) or out
of synchrony with peak resources (Visser et al., 1998)
must increase energy expenditure and foraging time to
procure the same amount of food for nestlings. This ex-
penditure can result in reduced adult body condition,
nestling starvation or reduced condition, or increased
risk of nest predation as parents become less attentive
(Benton et al., 2002; Boulton et al., 2008; Martin, 1987).

Given concern about the cascading effects of insect
decline on birds (Tallamy & Shriver, 2021), it is import-
ant to determine if food is generally limiting, and, when
it is, how birds allocate limited resources. A holistic
understanding of these questions through synthesis is
complicated not only by the complexity of interacting
factors, but also by the diverse ways in which researchers
study food limitation. Multiple variables are used to es-
timate body condition (e.g., body mass standardised by
age or size, pectoralis muscle shape and fat scores; see
Brown, 1996; Labocha & Hayes, 2012) and reproductive
success (e.g., number of fledglings, daily nest survival
and recruitment). Similarly, food availability is quan-
tified in multiple ways (e.g., total arthropod biomass,
abundance of specific taxa and specialised indices using
size classes) and measured with a variety of passive and
active approaches (e.g., pitfall traps, sweep netting and
caterpillar frass fall). In many cases, there is insufficient
information about what birds actually eat to be able to
quantify the food supply accurately for a given taxa. To
get around this issue, many researchers have taken an
experimental approach, using supplemental feeding to
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test the effects of food limitation; however, food supple-
mentation effects are influenced by natural variability in
food abundance and species life history traits (Ruffino
et al., 2014). Although some modelling methods (e.g., the
approach used in this manuscript) can incorporate such
variability, more unified and standardised data collec-
tion would facilitate stronger inferences in the long-term
(Montgomery et al., 2021).

To bring greater understanding to the potential ef-
fects of insect declines on birds, we conducted a system-
atic review and meta-analysis to synthesize information
from studies on the effects of invertebrate food avail-
ability on chick body condition and reproductive suc-
cess for songbirds. To identify general patterns across
the heterogeneous landscape of studies on this topic, we
selected measures that are consistently used across stud-
ies for quantitative synthesis. We used the meta-analytic
approach of three-stage structural equation modeling
(Cheung & Chan, 2005; Wilson et al., 2016), which al-
lows for core concepts such as food availability, body
condition, and reproductive success, to be estimated
as latent variables that are informed by any number of
measurement variables. Combining meta-analytic struc-
tural equation modeling with data from our systematic
review, we evaluated the information strength of differ-
ent measures as indicators of the latent variables of in-
terest, estimated the effect of food availability on chick
body condition and reproductive success, and tested for
a trade-off between chick condition and reproductive
success.

MATERIALS AND METHODS
Literature search and assembly

The conclusions drawn from a meta-analysis are highly
dependent on the set of studies included. Following sys-
tematic review principles (Pullin et al., 2018), such as
pre-registering a protocol and thoroughly searching the
literature, can help ensure reliable findings, yet these
steps are often neglected in ecological meta-analyses
(Grames & Elphick, 2020; Romanelli et al., 2021). When
designing our literature search (see pre-registered proto-
col, Grames, Montgomery, et al., 2019 for full details), we
identified three elements that needed to appear in papers
as a minimum for them to be considered for our review:
(1) a measure of either body condition or reproductive
success, (2) a measure of invertebrate food availability
or supplementation and (3) data from songbirds (Order:
Passeriformes). For each of these elements, we identified
search terms (Table S2) using the R package litsearchr
v0.1.0 (Grames, Stillman, et al., 2019b, 2019¢) and trans-
lated the complete search from English into other lan-
guages (Russian, German, Spanish, French, Japanese,
Chinese and Portuguese) using Google Translate ac-
cessed through the litsearchr package. We searched 22

bibliographic databases, five thesis and dissertation re-
positories, one data repository, and one organisational
website (Table S1) using Boolean search logic. We as-
sembled all article bibliographic data into a single data
frame and removed all but one record for duplicates
using a pre-alpha version of the R package synthesisr
(Westgate & Grames, 2020). Because not all databases
allowed us to restrict our search only to the title, ab-
stract and keywords, we used text mining to re-apply our
search terms to the assembled results and removed those
that had been retrieved from databases for spurious rea-
sons (e.g., records with one of our search terms included
in the journal title, author names or indexing classifica-
tion scheme).

Inclusion criteria and article screening

To be included in the synthesis, a study had to: (1) occur
during a non-transitory period of a species' annual cycle
(i.e., not during avian stopover or migration); (2) meas-
ure bird body condition or reproductive success; (3) be
conducted on wild songbirds; (4) measure invertebrate
(e.g., insects, spiders and terrestrial molluscs) availabil-
ity as a food resource with a comparison to different
levels or with experimental manipulation; (5) take place
in a terrestrial, aerial or freshwater habitat (see Grames,
Montgomery, et al., 2019 for full definitions). Because
both body condition and reproductive success are multi-
faceted and can be operationalised with a variety of defi-
nitions and measurements, we did not restrict the types
of variables we would include. We included any effects
the original authors considered to represent these out-
comes, including when multiple variables were used to
indicate the same effect (e.g., a binary measure of nest
success and number of fledglings both being reported
in a single study as measures of reproductive success).
For body condition, we did not include unstandardised
measures (e.g., body mass with no correction for size or
age), changes over time (e.g., chick growth rates) or tran-
sitory responses (e.g., stress hormone expression) even if
original authors considered these measures as represent-
ing body condition. For reproductive success, we did not
include measures that occur prior to the nestling stage
(e.g., egg mass or clutch size) because we were primarily
interested in the proximate, as opposed to lagged, effects
of food availability. For measures of food availability,
we were primarily interested in studies documenting
changes in invertebrate abundance and biomass. We
also included study designs with known effects on inver-
tebrate food availability, such as insecticide applications
in treatment plots compared to control plots with no
insecticide, comparing years with superabundant food
resources (e.g., periodical cicada emergence) to years
with average invertebrate food availability or providing
supplemental invertebrates (e.g., mealworms). We did
not include studies using proxy measurements for food
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availability, such as weather conditions or comparisons
between habitat types or sites assumed to differ in food
quality (e.g., coniferous forests compared to broadleaf
forests) when food availability was not directly meas-
ured, as the effects are confounded with other habitat
and site-level differences.

To determine if articles met our inclusion criteria,
we screened all articles by title and abstract, and ex-
cluded any that clearly did not meet our criteria. Based
on a power analysis to calculate the number of articles
that should be screened in duplicate before calculating
intercoder reliability, a subset of 618 articles were each
screened by two people at the title and abstract stage.
Conflicting decisions at this stage were resolved by a third
party and these decisions were used to calculate false
negative and false positive error rates for each screener.
We used error rates as an alternative to the kappa statis-
tic (Cohen, 1968), which does not account for direction
of error when there are discrepancies. A single screener
with low error rates (EMG false positive rate = 0.024,
false negative rate = 0.011) then screened the remainder
of the titles and abstracts singly. Articles that were in-
cluded at the title and abstract stage were passed on to
full text screening. Due to the large number of articles,
we combined full text screening with data extraction for
efficiency; if an article met inclusion criteria at the full
text stage, we extracted metadata and calculated effect
sizes before moving on to the next article. For databases
from which we could not export results (e.g., Dryad), we
screened articles on the platform and included any arti-
cles that met our criteria at the full text stage.

Data extraction

For each study that met our inclusion criteria at the full
text stage, we extracted information on the type of ar-
ticle, the bird species studied, and when and where the
study took place. We extracted the years during which
data were collected for the study and the time in the
annual cycle relative to the birds' life history (e.g., non-
breeding, clutch initiation, nestling, etc.). For study lo-
cations, we used the latitude and longitude, if provided
by the authors, or the most specific place name available
(e.g., the name of a national park in which data were col-
lected). If no latitude and longitude were specified, we
approximated the coordinates based on the place names
used. When the authors described the habitat type, we
extracted their description (e.g., ‘savanna-like Cerrado
vegetation’); when no description was available, we in-
ferred the habitat type based on taxon-specific references
and the geographical location. From the EltonTraits da-
tabase, we added a measure of the proportion of diet
that is invertebrates and a categorical diet guild for each
species (Wilman et al., 2014).

Our primary predictor variable, food availability, can
bemeasured with multiple indicators with multiple means

of data collection. Because of the high degree of variabil-
ity that may lead to heterogeneity in the effects detected,
we extracted the authors' description of how food avail-
ability was estimated (e.g., total biomass, abundance or
other indices), the method used to collect and measure
food availability (e.g., malaise traps, sweep netting and
visual surveys), the type of invertebrate prey available
(e.g., all species collected and only lepidopteran larvae)
and the comparator used (e.g., plots not treated with pes-
ticide and nests not receiving supplemental mealworms).
Similarly, for both of our outcome variables, body con-
dition and reproductive success, we extracted which type
of outcome was measured and how the authors mea-
sured or defined it (e.g., number of fledglings, propor-
tion of nests that fledged at least one young, mass-tarsus
residuals, etc.). For measures of body condition, we also
extracted the age and sex of the birds, if reported by the
study authors. When studies reported data on more than
one measure of body condition or reproductive success
or for different groups of birds (e.g., adult females and
adult males separately), we extracted all measures used,
since our modeling framework allows multiple responses
per study. Because of the large number of ways in which
researchers have measured reproductive success and
body condition, we reduced the number of measures by
using the original authors' definitions to reclassify some
measures post-hoc to a standard measure. For example,
‘mass at fledging’, ‘chick body mass at day 15’ and ‘mean
nestling weight on day six’ were consolidated into a sin-
gle measure of chick body mass corrected by age.
Because the meta-analytic approach we used requires
pairwise effect sizes between all variables in the model to
partition variance, we extracted effect sizes for relation-
ships between all variables of interest. To calculate ef-
fect sizes, we used the raw data when possible or effects
reported by the authors. We used the R package metafor
2.4.0 (Viechtbauer, 2010) to calculate effect sizes that were
appropriate to the data presented by the authors (e.g.,
standardised mean difference when comparing treatment
groups, odds ratio when proportions were presented, etc.).
For studies with pre- and post-treatment measures for
an experimental and control group, we created a custom
function to calculate dppc2, the bias-corrected effect size
estimate for pretest—posttest-control designs, using the
formula by Morris (2008). We reverse-coded effects when
variables indicated a negative relationship with our core
concepts (e.g., effects associated with nest failure were
reverse coded so that positive effects indicated higher re-
productive success and pesticide application was reverse
coded so that positive effects indicated higher food avail-
ability). We converted all effect sizes to correlation coef-
ficients using effectsize 0.4.3 (Ben-Shachar et al., 2020).
In several cases, the sample size was not reported and we
inferred sample size from degrees of freedom or sample
sizes that were reported for other measures on the pop-
ulation; for example, if the sample size was reported for
tarsus length, but not for body mass corrected by tarsus
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length, we assumed the sample size for each measure was
identical. Effects presented separately for different species,
sites or years in the same article were treated as separate
studies based on their treatment as independent tests by
the original authors.

Although we extracted all measures and effects of
food availability, body condition and reproductive suc-
cess as defined by the original study authors, we were
only able to do a quantitative synthesis with variables
that were consistently used across studies. To select such
variables and reduce the number of missing pairwise
effect sizes in our dataset, we created a square matrix
of counts of effect sizes for all pairwise combinations of
measures where rows and columns represent all possible
variables. We iteratively reduced the dimensions of the
matrix by dropping the variable with the most missing
pairwise effect sizes until there were <10% missing effect
sizes in the matrix for our response variables (Figure S1).
We allowed missing effect sizes between pairwise com-
binations of our food availability variables, as it would
be unreasonable to expect a study to report correlations
between independent predictor variables (e.g., the cor-
relation between whether a nest was provided with sup-
plemental mealworms and frass fall in the surrounding
arca). We used variables that remained in the reduced
matrix for subsequent analyses. To fill in the two re-
maining missing pairwise effect sizes, we introduced
a non-existent study with an effect size of 0.001 and a
sample size of two, giving them essentially no influence
on the model results. To assess publication bias, we
used Egger's regression test (Egger et al., 1997; Sterne
& Egger, 2005) and a funnel plot across all pairwise ef-
fects of food availability on reproductive success or body
condition, but not within-outcome measures which are
secondary questions (e.g., the correlation between the
number of nestlings and nest success) and therefore un-
likely to be affected by publication bias.

Heterogeneity and moderator variable selection

We first used a multi-level random effects meta-analysis
with random intercepts for study and effect nested
within study to pool correlation coefficients with no
adjustment for covariates. To assess heterogeneity, we
used I* (Higgins & Thompson, 2002), a measure of the
proportion of total heterogeneity that can be attributed
to between-study variance as opposed to sampling error
within studies. We then used meta-regression to deter-
mine which moderator variables explained heterogene-
ity in effects for the number of fledglings—the outcome
variable with the most studies in response to one of the
experimental food measures (i.e., supplementation and
population suppression)—and the observational meas-
ures (i.e., biomass/abundance and frass fall). We assessed
the magnitude of observed effects as a function of abso-
lute latitude, proportion of diet that is invertebrates, if

the species is an insectivore, if the habitat studied was
forest and an interaction between latitude and habitat.
We collapsed habitat to a binary classification of whether
a study was conducted in a forest or other habitat type.

To generate covariate-adjusted effects, we used the
method described by Wilson et al. (2016). We fit a multi-
level random effects meta-analysis with random effects
for study and effect nested within study, and with fixed
effects for habitat type, the proportion of the diet that is
invertebrates, if the species is primarily an insectivore,
absolute latitude and which two pairwise variables were
represented by the effect. To calculate the covariate-
adjusted effects, we added the predicted value at mean
or modal values for the biological covariates (i.e., habi-
tat, diet, diet guild and latitude) to the residuals from the
model plus the adjustments for the two variables repre-
sented by the effect. We used the covariate adjusted ef-
fects for subsequent analyses.

We checked for heterogeneity in covariate-adjusted
effect size estimates for each pairwise combination of
the variables used to measure food availability with the
outcome variables used to measure reproductive suc-
cess and chick body condition. We did not check for
heterogeneity in effect size estimates between outcome
variables (e.g., the effect of the number of nestlings on
the number of fledglings), as these are not of interest in
our main model and are only used to partition variance.
We estimated the amount of heterogeneity using t> and
Q-tests for heterogeneity (Cochran 1954), in addition to P
(Higgins & Thompson, 2002). Because we expected sub-
stantial heterogeneity, we also assessed whether our ef-
fect size estimates were stable for the measures that carry
the most weight in our analysis. For pairwise variable
combinations represented by at least 10 studies where we
detected heterogeneity, we determined whether estimates
were stable despite the heterogeneity by conducting a cu-
mulative random-effects meta-analysis using the meta-
for package 2.4.0 (Viechtbauer, 2010) and calculating the
difference in the cumulative mean effect size as each ad-
ditional study was added. We bootstrapped a 95% con-
fidence interval by randomly sorting the order in which
new studies were added to the cumulative random-
effects meta-analysis for 300 iterations. We considered
the effect size estimate to be relatively stable if the ab-
solute mean difference between two steps of the cumu-
lative meta-analysis at any point was below a threshold
of 0.05 and stayed below that point for three subsequent
steps, meaning that the estimated correlation coefficient
between two variables did not change by more than 0.05
as new studies were added.

Three-stage meta-analytic structural
equation model

To investigate the connections between food availability
and both chick body condition and reproductive success
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across all types of measurements, we used three-stage
meta-analytic structural equation modeling (Cheung &
Chan, 2005; Wilson et al., 2016). This technique com-
bines meta-analysis with structural equation modeling,
a method that allows for causal inference (Pearl, 1998),
resulting in a synthetic overview of relationships among
variables of interest. Structural equation modeling also
allows for latent variables, which are not directly ob-
served but are instead measured by multiple indicator
variables. Generally, meta-analytic structural equation
modeling is a two-stage process in which meta-analysis is
first used to generate a pooled correlation matrix across
studies, which is then used to fit a structural equation
model (Cheung & Chan, 2005). We used a three-stage ap-
proach more appropriate to complex datasets, however,
in which effects are first adjusted for covariates (Wilson
et al., 2016), as described above.

We pooled our covariate-adjusted effect size es-
timates across all studies using multilevel, random
effects meta-analysis implemented in metafor 2.4.0
(Viechtbauer, 2010) with random intercepts for study
and effect nested within study, resulting in a pooled cor-
relation matrix and asymptotic covariance matrix. We
adjusted our pooled correlation matrix to be positive-
definite by finding the nearest positive-definite ma-
trix using the Higham algorithm (Higham, 2002) with
Dykstra's correction (Dykstra, 1983) as implemented in
the R package Matrix 1.3-2 (Bates & Maechler, 2021).
We then used the pooled covariate-adjusted effect sizes
to fit the structural equation model using the R package
metaSEM 1.2.5 (Cheung, 2015). In our structural model,
we treated our predictor and response variables—food
availability, chick body condition and reproductive suc-
cess—as latent variables with the selected measures for
each variable used as indicator variables (Figure S2).

RESULTS
Literature search and screening

Our systematic literature search retrieved 25,658 articles,
of which 12,229 (48%) were duplicate records retrieved
from multiple databases. After deduplication and using
text mining to re-apply our search terms to the title,
abstract and keywords of all retrieved studies, the full
database for title and abstract screening contained 3004
records (Figure S3). After screening titles and abstracts
only, we retained 1032 articles to screen at the full text
stage, of which 417 articles (40%) met our inclusion cri-
teria. We subsequently identified two additional articles
from searching a data repository, resulting in 419 arti-
cles that met all of our inclusion criteria. For articles ex-
cluded at the full text stage, the most common reasons
were that they did not contain a measure of invertebrate
abundance (n = 305, 50%), did not report any measure
of chick body condition or reproductive success (n =123,

20%), or did not report original data (n = 73, 12%);
though some studies could have been rejected for mul-
tiple reasons, we only recorded the most obvious reason
for rejection for each study. We were unable to calculate
effect sizes for 174 articles that met our criteria at the
full text stage; these articles are included in our narra-
tive and qualitative synthesis, but not in the quantitative
synthesis. In most of the cases, the reason we could not
calculate an effect size was because food availability was
presented in a separate analysis of habitat quality that
was not connected to analyses of body condition or re-
productive success. The 125 remaining articles included
in the meta-analysis represent 140 separate tests because
we treated effects for different species, sites and years as
separate if the tests were reported independently.

Characteristics of included studies

Most articles that met our inclusion criteria at the full
text stage were published as journal articles (n = 334,
80%) or in theses and dissertations (n = 78, 19%). The
datasets analysed in primary studies spanned from 1948
to 2018, with most of the studies taking place in the early
1990s to the early 2000s. On average, each study took
place over 3.8years (SE = 0.22), though the duration of
studies ranged from a single season to over three dec-
ades (Perdeck et al., 2000; Vatka et al., 2011). All con-
tinents, except Antarctica, were represented by at least
one study (Figure la); however, the dataset is heavily
geographically biased, especially for studies included in
the quantitative synthesis, of which only 15 (12%) were
conducted outside Europe and North America. A total
of 42 avian families (Figure 2a) were studied, comprising
201 bird species (Figure 2b) with a bias towards species
that use nest boxes, such as Parus major (n = 52, 10%),
Parus caeruleus (n = 45, 8%), Ficedula hypoleuca (n =22,
4%) and Tachycineta bicolor (n =20, 4%). The main habi-
tats (Figure 2c) studied were temperate forest (n = 152,
28%), temperate grassland (n = 102, 19%) and arable land
(n =64, 12%).

When extrapolating the total estimated number of
measures for each outcome, the accumulation rate did not
approach an asymptote for either outcome (Figure S4).
After reducing the number of variables (Figure S1), we
were left with four widely used measures of invertebrate
food availability: invertebrate abundance and biomass,
frass fall, supplemental arthropods (primarily meal-
worms, Tenebrio molitor) provided to nesting pairs, and
invertebrate population suppression due to pesticide
application or invasive species. We retained five mea-
sures of reproductive success: hatching success, number
of nestlings, number of fledglings, fledging success and
nest success. Our final measures of chick body condi-
tion were tarsus length corrected by age, wing length
corrected by age, body mass corrected by age and body
mass residuals. In our set of studies for the meta-analysis,
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there were no studies reporting the effect of frass fall on
chick wing length corrected by age, or for the effect of
population suppression on chick body mass residuals.
We did not examine adult body condition in our model,
despite screening for this variable in our review, because
there were too few studies reporting pairwise effect sizes
for any measures of adult body condition with those for
reproductive success or chick body condition. We found
significant publication bias (z = 2.06, p = 0.04) across
studies in the database (Figure S5).

Meta-regression and heterogeneity

When pooling correlation coefficients across studies for
each pairwise combination of variables (Figure 3), a large
proportion of heterogeneity in effects was attributed to
between-study variation (I*=76.6%). Our meta-regression
of the effects of invertebrate biomass/abundance on the
number of fledglings (Figure 4a—c) showed heterogene-
ity that was not explained by the covariates (Q = 133.58,
2<0.001), though there was no evidence for heterogeneity
in the corresponding meta-regression for supplemental
invertebrates (Figure 4d—f) as the measure of food avail-
ability (Q = 21.80, p = 0.29). In the biomass/abundance
model, studies conducted in habitats other than forests
had smaller effect sizes (p = —1.08, 95% confidence inter-
val = —1.79, —0.38) and there was a interaction whereby

biomass/abundance

frass  0.09 0.15 0.12 0.17 -0.03

forest studies had even larger effects than those in other
habitats at more polar latitudes (p = 0.02, 95% CI = 0.01,
0.04). Latitude did not have an independent influence on
effect size magnitude (est = 0.00, 95% CI = —0.01, 0.01),
nor did proportion of the diet composed of invertebrates
(B=0.00, 95% CI=-0.01, 0.01) or if a species was primar-
ily insectivorous (p = 0.09, 95% CI = —0.25, 0.43). In the
meta-regression testing moderator relationships for the
effect of supplemental invertebrates on number of fledg-
lings, there was again a significant effect of habitat with
smaller effects for studies conducted in habitats other
than forest (B = —1.05, 95% CI = —1.69, —0.41) and an in-
teraction with latitude (p = 0.03, 95% CI = 0.01, 0.04), but
no clear effect for latitude on its own (f = —0.01, 95%
CI = —0.01, 0.00). There was an effect of proportion of
diet that is insectivorous on the magnitude of effect sizes
(B=-0.01, 95% CI=-0.02, —0.01), with species more spe-
cialised on invertebrates showing weaker responses to
food supplementation; there was no evidence for an effect
of diet guild (f = 0.19, 95% CI = —0.04, 0.42). Despite diet
guild not having an effect in the meta-regressions, we in-
cluded in the model for covariate adjustment (Figures S6
and S7) because removing it increased the proportion of
heterogeneity attributed to between-study outcomes in
the supplemental invertebrate meta-regression by 8.7%
(I without diet guild = 26.6%).

Q-tests indicated there was heterogeneity in the true
outcomes for 14 of our 20 pairwise comparisons for
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FIGURE 3 Heatmap of pooled correlation coefficients across studies before adjusting for covariates and the number of studies reporting
each correlation, reported above and below the leading diagonal respectively. Stronger positive (blue) and negative (red) correlations are
indicated by darker colours. Darker yellows indicate more studies; missing values are shown in white. See Figure S7 for covariate-adjusted

correlations.
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FIGURE 4 Results of meta-regressions estimating the effects of habitat type, the proportion of the diet that is invertebrates, if the
functional guild for a species is insectivore and absolute latitude, on the estimated relationship between the number of fledglings and food
availability, measured as biomass and abundance (a, b, ¢) or experimentally manipulated by food supplementation (d, e, f). Relationships
between diet (a, d) and latitude (b, e) are shown at the mean or modal values for the other variables separately for forests (green) and other
habitat types (coral; primarily grassland and urban areas) with 95% confidence intervals. Forest plots for each meta-regression are shown (c, f)
along with tests for heterogeneity. Black squares and bars indicate the observed effect and 95% confidence intervals for each study, which are
identified with text; grey diamonds indicate the covariate-adjusted effect estimates for each study after accounting for moderator variables. No
overall effect is estimated with this method (see Figures S8 and S39).
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measures of reproductive success and food availability
and for nine of our 16 pairwise comparisons for mea-
sures of body condition and food availability when using
the covariate-adjusted effect sizes (Figures S§—S39). The
estimated total heterogeneity out of the total variabil-
ity (I* values) for each pairwise meta-analysis ranged
from 0.0% to 81.9% for reproductive success and from
0.0% to 86.1% for body condition (Figures S8-S39).
Statistics for all pairwise comparisons are included in
the Supplemental Information and a summary of esti-
mated effects from the random-effects meta-analyses are
shown in Figure 5. The regression tests indicated funnel

chick tarsus corrected byage;,
| R |
I ' 1
chick wing length corrected by age ’_._\ ””””””””””””
| B
chick body massresiduals | e
T T T

[ T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Effect

[l biomass/abundance [l frassll supplemental il suppression

FIGURE 5 Effects of invertebrate food availability measured
as biomass and abundance (green), frass fall (blue), supplemental
invertebrates (red) and population suppression (orange) on the nine
most commonly used measures of bird reproductive success and
chick body condition found by our systematic review. Each square
indicates the estimated overall effect from a random effects meta-
analysis using the covariate adjusted effect sizes, with bars showing
95% confidence intervals, for a single food availability measure and
a single outcome for all pairwise combinations that were represented
by at least two studies. The number of studies included in a meta-
analysis is indicated by the size of the square (see Figure 3).

plot asymmetry and potential publication bias in six out
of 31 cases with at least three studies available to esti-
mate bias, more than would be expected based on chance
alone (approximately 1.55). The cases in which there was
potential publication bias were for the effect of inver-
tebrate biomass or abundance on fledging success rate
(t=2.3, p=0.062), nest success (t = 2.3, p =0.029), number
of fledglings (t = 4.9, p<0.001) and number of nestlings
(t = 4.2, p = 0.002); there was also publication bias de-
tected for the effect of invertebrate population suppres-
sion on the number of fledglings (1 = 2.5, p = 0.042) and
chick body mass corrected by age (1= 3.7, p = 0.01). Other
pairwise combination tests showed no evidence of publi-
cation bias (Figures S8—-S39).

Three-stage structural equation model

Our structural equation model converged normally after
39 iterations. Goodness of fit tests indicated that the
structure of our model was acceptable but not optimal
(RMSEA = 0.006, 95% CI = 0.005, 0.007, CFI = 0.76).
Because we have a priori ecological reasons for structur-
ing the model as it is and defined each latent variable
based on measures used in the literature, however, we
made inference on the model despite there being poten-
tially better fitting structures, albeit ones that may make
less biological sense. The meta-analytic structural equa-
tion model based on pooled effects (Figure 6) indicated
that food availability has a positive effect on reproductive
success (mean = 1.25, Wald 95% CI = 0.96, 1.54), where
a one unit increase in food availability would result in
an estimated 1.25 unit increase in reproductive success.
Similarly, the model indicated that food has a positive
effect on chick body condition (mean = 0.83, Wald 95%
CI = 0.62, 1.05) and that reproductive success and body
condition are inversely related (mean = —0.46, Wald 95%
CI = -0.90, —0.03). Based on the factor loadings, most
variables were reasonably good indicators of the latent
variables they were intended to measure, although the
measurement error—indicating inter-study reliability of
that variable—was high (Kang & Ahn, 2021), particu-
larly for indicators of food availability (Figure 4).

DISCUSSION

The relationships among food availability, reproduc-
tive success, and chick survival in songbirds have long
been of interest (Lack, 1947; Newton, 1980). Although
food availability clearly influences both vital rates in
some circumstances, it is only one of a constellation of—
possibly stronger—influential factors. This complex-
ity, and conflicting evidence across individual studies
(Newton, 1998), leaves open the question of whether food
is a limiting factor that consistently influences avian re-
productive success and chick survival across systems.
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FIGURE 6 Meta-analytic structural equation model demonstrating strong effects of invertebrate prey availability on both songbird
reproductive success and chick body condition. Latent variables (ovals) are measured by indicator variables (rectangles) for which measurement
error is shown by dashed circular arrows. Single-headed arrows between latent variables indicate direction of implied causal relationships; the
double-headed arrow between reproductive success and body condition indicates covariance; arrows going from latent variables to indicator
variables indicate measurement relationships. Path coefficients (and Wald 95% confidence intervals) were estimated with a three-stage meta-
analytic structural equation model using effects adjusted by bird family and broad habitat classification (open, forested or wetland) for 125
studies (total sample size = 49,028 samples, typically individuals, territories or whole broods depending on level of analysis in the primary

study).

Prior reviews have summarised available evidence, but
have not used systematic search methods, instead relying
on narrative discussion and ‘vote-counting’ (Koricheva
& Gurevitch, 2013) to summarise the literature (e.g.,
Newton, 1998) or on experimental studies such as food
supplementation, which do not necessarily reflect true
variation in food availability (Ruffino et al., 2014). Thus,
we have heretofore lacked a comprehensive assessment
that synthesizes effects quantitatively across studies.
Here, we demonstrate that food availability gener-
ally increases both reproductive success and chick body
condition, a proxy for survival, across insectivorous bird
species (Figure 6), suggesting that invertebrate popu-
lations are generally a limiting resource for songbirds
during the breeding period. The observed pattern of food
limitation we found was weaker for supplemental food,
which could also indicate that food is not as limiting as
the main model results suggest and that the observed
positive correlations between food availability and bird

outcomes is driven by unmeasured confounding factors
or potentially by publication bias. For example, a posi-
tive correlation between bird reproductive success and
insect biomass could also indicate that both insects and
birds are responding to some shared aspect of habitat
or site quality. We did find that the magnitude of effects
varied across habitat types and there was substantial
heterogeneity in the biomass and abundance effects that
were unexplained by our covariates. We suspect much of
this variation can be attributed to the variety of ways re-
searchers sampled invertebrate biomass and abundance.
Despite including both observational and experimental
studies, though, we still found consistent evidence that
food is generally a limiting resource for birds, suggesting
that decreases in invertebrate food availability will re-
duce bird population sizes. The links among food avail-
ability, reproductive success and body condition shown
here illustrate how insect declines are likely to have cas-
cading effects on insectivorous birds (Wagner, 2020): if
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food availability is a limiting factor on a macro scale,
then declines in the food supply will reduce insectivorous
bird population sizes.

If food is limiting, then one would also expect a trade-
off between survival and reproduction. Relationships
between the number of offspring and the probability of
adult survival have been demonstrated in several avian
systems (Ghalambor & Martin, 2001; Martin, 1987). The
general idea of the survival-reproductive success trade-
off has also been long debated, however, and lacks ev-
idence in many other systems (Roff & Fairbairn, 2007,
Santos & Nakagawa, 2012). To add to this ongoing de-
bate, our meta-analysis finds clear evidence of a trade-
off between chick body condition and reproductive
success for insectivorous birds (Figure 6). Beyond the
overall effect between the latent variables in our model,
this trade-off was also evident in the pooled correla-
tion matrix for both unadjusted effects (Figure 3) and
covariate-adjusted effects (Figure S7) with a cluster of
negative correlations between the measures of repro-
ductive success and body condition. Too few studies re-
ported effects for both reproductive success and adult
body condition in response to food availability to in-
clude adult condition in the model, however, indicating
that further evidence is needed to adequately resolve the
survival-reproductive success trade-off debate.

To synthesize findings across studies and reach gen-
eral conclusions, it is necessary for primary studies to re-
port results that are comparable and to use standardised
measures. Even after consolidating related measures
(e.g., fledglings per egg and fledglings per nestling being
combined as a single measure of fledging success), we
still found a large number of ways that researchers
have defined body condition and reproductive success,
with each new study seemingly adding a new measure
(Figure S4). The meta-analytic approach we used allowed
flexibility to include some of this variation with multiple
indicator variables, however, we could only include nine
out of 74 potential outcome measures that authors re-
ported in the literature because they were the only ones
consistently reported across studies. Though researchers
may consider some metrics to be more internally reliable,
we advocate also collecting and reporting commonly
used measures to facilitate synthesis across studies. For
example, although local swelling in response to phyto-
haemagglutinin injection (Banbura et al., 2013; Lifjeld
et al., 2002) or rectrix regrowth rate (Strong, 1999) may
be good indicators of body condition, they were used in
so few studies that we could not include data from these
studies in our quantitative synthesis. Had these studies
also reported more common measures (e.g., body mass
residuals) in addition to more specialized metrics, some
of the results would be more comparable to the rest of
the field and these studies could have contributed to our
synthetic understanding. Based on the frequency with
which measures exist in the current literature and the
measurement error from the model, we recommend that

researchers make it regular practice to report nestling
size measures (e.g., wing chord and tarsus length) cor-
rected by age and whole nest success or fledging success
in addition to other measures. Researchers should also
consider reporting standardised outcomes such as those
used by the Studies of Populations of Individual Birds
(SPI-Birds) network (Culina et al., 2021).

The low degree of inter-study reliability indicated by
the model's estimates of measurement error for indica-
tors of food availability suggests that the ways in which
ornithologists generally measure invertebrates may not
consistently reflect food availability. We excluded stud-
ies that inferred invertebrate abundance based on indi-
rect measures such as temperature or rainfall, or from
nearby locations or other years at the same site—even
though many studies that we screened for inclusion
treated these metrics as measures of invertebrate abun-
dance. Invertebrate populations vary wildly over space
and time, with large interannual fluctuations (Pimm
& Redfearn, 1988; Roubik, 2001). Inferring abundance
based on relationships to other covariates could thus
lead to spurious findings in primary studies and add het-
erogeneity to data syntheses. Similarly, frass fall, an in-
direct measure of caterpillar biomass, had relatively high
measurement error compared to invertebrate abundance
or biomass, suggesting that proxy measures are infe-
rior to direct measures. Though one might expect sup-
plemental invertebrates to be a good indicator of food
availability because it is a direct, experimental manipu-
lation, we found this not to be the case. A previous meta-
analysis found that the effects of food supplementation
on breeding success varied widely depending on exper-
imental design (e.g., timing of supplementation and ac-
cessibility of supplemental food to nesting pairs) and the
amount of natural food available (Ruffino et al., 2014).
It is likely that the high measurement error we detected
for supplemental invertebrates can be attributed to these
types of factors, as not all supplemental food is admin-
istered in the same way or is of the same quality. Many
of the supplemental food studies included in our anal-
ysis relied on mealworms (Tenebrio molitor), which can
vary in nutritional quality depending on how they were
reared and can often be poor sources of necessary nu-
trients like calcium and carotenoids (Eeva et al., 2009;
Klasing et al., 2000; Martin et al., 1976), and are thus
not an adequate substitute for natural foods that are
carotenoid-rich. We also found that the effect of supple-
mental food on the number of fledglings varied with the
proportion of a species' diet that is invertebrates, sug-
gesting that supplemental feeding is less effective for
species with more highly specialized diets. Similarly, we
found weaker effects of supplemental food in non-forest
habitats; however, this research question has predomi-
nantly been addressed in forest systems, and therefore
our understanding of food limitation may be influenced
by where studies have been conducted. The best indica-
tors of food availability—population suppression and
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invertebrate biomass or abundance—both document
changes in the overall abundance of the invertebrate
community. Despite being the best indicators, they still
had relatively high measurement error, which we suggest
may indicate sampling methods that do not consistently
or completely capture invertebrate taxa that represent
specific food for the birds studied.

Many studies included the full community of inver-
tebrates sampled through various methods, such as
pitfall trapping, malaise traps or sweep netting with-
out attempting to distinguish which invertebrates are
consumed by the birds studied. These methods may re-
sult in a mismatch between what researchers measured
as prey, and what birds are able, or choose, to capture
and consume. Several studies limited their measures of
food availability to only taxa that birds were observed
to use for provisioning their young or to consume (e.g.,
Madliger & Love, 2016); however, in many cases there
was insufficient information about what birds eat, and
researchers used data on all invertebrates captured by
the sampling method (e.g., Mwangi et al., 2018). The
emergence of meta-barcoding techniques for diet anal-
ysis could improve our understanding of what birds eat
(Rytkenen et al., 2019), and which measurements of in-
vertebrate food abundance are appropriate. Following
the recommendations of entomologists, we had initially
intended to calculate the proportion of invertebrates
collected that were noxious or otherwise unpalatable
to birds (Grames, Montgomery, et al., 2019), however,
this information was not reported in any of the studies
that met our inclusion criteria. More collaboration be-
tween entomologists and ornithologists is necessary to
improve the sampling methods and reporting standards
for monitoring invertebrate populations (Montgomery
et al., 2021) and to clarify which invertebrates should be
included in measures of food available to birds.

Although the primary drivers of insect declines are
varied (Wagner et al., 2021) and overall insect popu-
lation trends are largely unknown, the documented
declines in some formerly abundant taxa (Conrad
et al., 2006; Warren et al., 2021) are enough to expect
that global insect declines will have profound effects
on species interactions and disrupt population pro-
cesses at higher trophic levels (Tallamy & Shriver, 2021;
Wagner, 2020). In this synthesis, we have investigated
the potential for insect decline to result in parallel de-
clines in insectivorous birds through the proximate
mechanisms of reproductive success and chick body
condition, the latter of which is linked to annual sur-
vival and juvenile recruitment (Cox & Cresswell, 2014).
The results of our meta-analysis illustrate the impor-
tance of food availability for both bird body condition
and reproductive success, suggesting that fluctuations
in insect abundance may have a substantial impact
on bird demographics. This has important implica-
tions for understanding and conserving birds, partic-
ularly given large-scale declines in bird abundance in

some parts of the world over the last several decades
(Rosenberg et al., 2019).
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