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Urbanization and brood
parasitism affect growth, but not
free amino acid concentrations
In nestling song sparrows
(Melospiza melodia)

Isaac J. VanDiest*, Samuel J. Lane', Taylor E. Fossett
and Kendra B. Sewall

Sewall Laboratory, Virginia Tech, Department of Biological Sciences, Blacksburg, VA, United States

Urbanization is projected to grow rapidly in the coming decades. Several
consequences of this form of anthropogenic change for ecosystems and
individuals are described by the fields of urban ecology and urban
ecophysiology, respectively. Of the environmental variables that could pose
challenges for urban-living animals, energy limitations may be especially
important, particularly for animals with critical periods of growth, such as
nestling songbirds. Many studies document reduced arthropod prey availability
for songbirds living in urban habitats, which can compromise the growth and
condition of nestlings, possibly because of protein limitation. In our study system
of replicate urban and rural song sparrow (Melospiza melodia) populations, there
is lower arthropod biomass in urban habitats, as well as higher rates of brood
parasitism by brown-headed cowbirds (Molothrus ater), which can cause
additional nutritional limitation. Therefore, we hypothesized that urban nestling
song sparrows may be protein-limited and experience compromised growth and
body condition relative to rural nestlings. We tested this hypothesis with two
studies. First, we took body measurements during the first 10 days of
development from rural nestlings, urban nestlings without brood parasites, and
urban nestlings with brood parasites to see if groups differed in growth (n = 348
nestlings over 6 years). Second, we collected nestling plasma samples (n = 43)
from a subset of the birds measured in the first study and then used liquid
chromatography-mass spectrometry (LC-MS) to determine concentrations of
free amino acids. We found rural nestlings had greater change over time in body
mass and tarsus length compared to both urban groups. However, we found no
differences in amino acid concentrations across these nestling groups. Thus,
urbanization appears to affect growth rates in song sparrows, especially when
brood parasites are present in a nest, but we found no evidence supporting
amino acids as the mechanistic link for these differences in our system.
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1 Introduction

Urbanization of native ecosystems is increasing rapidly (Seto
etal,, 2012), and urban ecology aims to describe interactions among
organisms and their environment within expanding cities and
suburbs. A general consensus in this field is that urbanization
alters every level of ecology, from ecosystem services and
biodiversity to species interactions (McKinney, 2002). In parallel,
urban ecophysiology examines the physiology and condition of
animals in modified habitats to understand how urbanization
impacts individual health (Isaksson, 2018; Bonier, 2012). While
urban ecophysiology has provided important insights, the risk of
drawing inferences about how harmful urban habitats are to
different species based on physiological biomarkers is often cited
as a challenge to this field (Reid et al., 2024; Iglesias-Carrasco et al.,
2020; Isaksson, 2020; Isaksson, 2015; Meillere et al., 2015; Beaulieu
and Costantini, 2014; Partecke et al., 2006). Linking studies of
physiology with ecological measures that better define the
challenges organisms face in urban habitats and defining the
fitness consequences associated with physiological measures can
help contextualize the physiological differences documented by
urban ecophysiologists (Chatelain et al., 2021; Fenoglio et al,
20205 Isaksson, 2020; Bang et al., 2012; Faeth et al., 2005). Of the
ecological variables that could pose challenges for urban-living
animals, energy limitations may be especially important for
understanding overall physical condition and has been the
conceptual basis for understanding individual “health”, and
therefore could link ecological variation to individual physiology
(e.g., allostatic load; Coogan et al., 2018; McEwen and
Wingfield, 2003).

Many studies examining the ecological and physiological effects
of urbanization have focused on urban songbirds because many
species have readily adapted to urban environments, but still face
challenges associated with these altered habitats. For instance,
urban areas have been associated with higher densities of brood
parasites (Rodewald, 2009), such as brown-headed cowbirds
(Molothrus ater). Cowbirds lay their eggs in the nests of other
species in order for their young to be raised by host parents, often to
the detriment of host offspring (Fenoglio et al., 2017; Payne, 1998,
1977). Brood parasitism can limit nutrition by increasing
competition among nestlings for food parents provide (Ladin
et al., 2015; Boonekamp et al., 2014; Lorenzana and Sealy, 1999;
Payne, 1977). The few studies investigating brood parasitism and
urbanization have shown mixed results, with some finding
urbanization was associated with increased vulnerability to brood
parasitism (Lane et al., 2023; Rodewald, 2009; Burhans and
Thompson, 2006; Tewksbury et al., 2006; Chace et al., 2003),
while other studies found decreasing brood parasitism with
increasing urbanization (Buxton et al., 2018; Rodewald et al,
2013). However, the negative effects of brood parasitism on host
offspring are well documented; host nestlings that survive the
presence of a brood parasite are generally smaller and less
developed when they fledge (Lane et al., 2023; Lorenzana and
Sealy, 1999; Dearborn et al., 1998; Payne, 1977), greatly

Frontiers in Bird Science

10.3389/fbirs.2025.1566509

decreasing the likelihood they will survive the post-fledging
period (Monros et al., 2003).

In addition to potential pressure from brood parasites, many
urban ecology studies show that fewer arthropod prey are available
in urban areas, and that arthropods are a critical source of protein
for songbirds (Chatelain et al., 2023; Fenoglio et al., 2020; Razeng
and Watson, 2015; Bennett and Lovell, 2014; Ramsay and Houston,
2003), though other studies have found generally no differences
between habitats (Martinson and Raupp, 2013) or greater
arthropod abundance in urban areas (Faeth et al, 2011). Several
species of songbirds seasonally shift their diet to feed their young a
higher proportion of protein-rich arthropods during the breeding
season (Martin et al., 1951; Judd, 1901). Any nutritional limitation
in urban areas may be especially detrimental to developing nestlings
(Reid et al., 2024) because they experience a rapid period of post-
hatching growth (i.e. a “critical period”). For example, a study
comparing urban and rural nestling crows found that urban young
had lower mass, lower plasma calcium, and lower plasma protein
(Heiss et al., 2009). Extensive research on “developmental stress” in
songbirds, including our study species of song sparrows (Melospiza
melodia), has shown that limited nutrition during critical periods of
growth can compromise nestling survival and have life-long effects
on body condition, behavior, and fitness (Gil et al., 2019; Wingfield
etal., 2017; Peters et al., 2014; Maness and Anderson, 2013; Schmidt
et al., 2012; Spencer and MacDougall-Shackleton, 2011; Monaghan,
2008; Cockburn, 2006; MacDonald et al., 2006; Searcy et al., 2004;
Nowicki et al., 2002; Martin, 1987; Ricklefs, 1979). Though caloric
limitation alone can impair nestling development, protein
limitation is especially harmful (Plavnik and Hurwitz, 1989;
Ricklefs, 1979) and could result from decreased arthropod
availability in urban habitats (Chandel, 2021; Wu et al., 2012).

While overall protein limitation can impair growth, deficits of
the essential amino acids, which cannot be synthesized and must be
acquired through diet, have consequences such as reduced body
size, developmental deformities, and death (Alagawany et al., 2021;
Baker, 2009; Murphy and Pearcy, 1993; Almquist, 1952). The
essential amino acids, and especially lysine, methionine, and
arginine, are also important for muscle development and growth
as they have been found to be the most growth-limiting amino acids
in birds (Langlois and McWilliams, 2021; Chen et al., 2013;
Tesseraud et al., 2001; Klasing, 1998). Other amino acids are not
considered essential because they can be synthesized, but
supplementation studies suggest they have benefits for early
development and songbirds are sensitive to the limitation of these
amino acids (Langlois and McWilliams, 2021). Animals also benefit
from non-essential amino acids obtained through diet as they can
supplement endogenous synthesis to meet physiological demands
(Wu et al., 2012). Though most of the work on amino acids in birds
has focused on laboratory or captive studies, one study in herring
gulls found differences in adult body condition and different amino
acid profiles across sites with variable food resources (Hebert et al.,
2002). Expanding studies of how environmental conditions are
associated with plasma amino acid profiles of free-living birds,
especially in the context of urbanization and brood parasitism,
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may advance understanding of how this mechanism could link
ecological and physiological states.

Our long-term study system of urban and rural song sparrows
(described in Davies and Sewall, 2016) presents a unique
opportunity to investigate how higher brood parasite prevalence
(Lane et al., 2023) and lower arthropod biomass at our urban sites
(VanDiest et al, 2024) impact nestling growth, condition, and
amino acid profiles. To examine how differences in brood
parasitism and arthropod availability associated with urbanization
affect physiological markers of condition and the development of
urban song sparrow nestlings, we performed two studies. First, we
used a multi-year study of nestling song sparrow growth and
development at our urban and rural sites to determine if
urbanization and/or brood parasitism compromised growth,
measured as the change in morphometrics over the first 10 days
of development. In our second study, we compared free amino acid
concentrations in plasma collected from song sparrow nestlings in
rural nests without brood parasites, urban nests without brood
parasites, and urban nests with brood parasites (rural nests are
rarely parasitized and therefore could not be included in
comparisons; Lane et al., 2023). We predicted that brood-
parasitized urban nestlings would have the slowest growth and
the lowest concentrations of circulating amino acids in plasma,
while rural nestlings would have the fastest growth and highest
concentrations of amino acids. This approach aimed to resolve how
two facets of urban ecology, increased brood parasitism and
reduced availability of arthropod prey, are associated with
nestling amino acid profiles, as well as growth and condition.

2 Methods
2.1 Field site selection

We conducted our studies across 3 urban and 3 rural sites in
Southwest Virginia from 2017 to 2022. Our study sites were
determined to be the most urban or most rural sites near
Blacksburg, Virginia using methods described in Seress et al.,
2014 (for more details please see Davies et al., 2018; Goodchild
et al.,, 2022, and VanDiest et al., 2024).

2.2 Nestling measurements

2.2.1 Nestling morphometrics

We located nests using behavioral observations and systematic
searching from mid-April through early July during the breeding
seasons of 2017-2022 (Lane et al., 2023; Martin and Geupel, 1993).
We took measurements from all nestlings present during each visit
to the nest. We typically measured nestlings on days 0-1 (n = 159),
5-6 (n = 244), and 8-9 (n = 163). However, some nestlings were
measured on day 2 (n = 91), day 3 (n = 102), day 4 (n = 76), day 7
(n = 54), and day 10 (n = 44). Only nestlings that were measured
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more than once were included in our analysis of growth (n = 348).
This sample size included 89 rural nestlings from 32 nests, 183
urban nestlings from 61 nests without brood parasites, and 78 urban
nestlings that experienced brown-headed cowbird brood parasitism
from 35 nests. Rural nests rarely experienced brood parasitism in
our system (n = 2), and therefore, brood parasitized rural nests were
excluded as a nestling group. We took measurements of nestling
body mass, tarsus length, wing chord, and pin feather length using a
digital scale (Pesola digital pocket scale item # MS500) to the nearest
hundredth of a gram, or digital calipers (Fisherbrand ' Traceable'"
digital carbon fiber calipers) to the nearest tenth of a mm. To
account for the difficulty in measuring nestling tarsus and wing
chord, five repeat measurements were taken per visit for each
metric, the highest and lowest values were dropped, and the three
middle values were averaged. Each of these measurements were
meant to represent a different metric of growth or development
(Cheng and Martin, 2012). We used body mass as it is a measure
that incorporates “everything” as a metric of size and alludes to
condition. We then used tarsus as a measure of structural growth,
and the wing chord and pin were meant to be metrics of readiness to
fledge, as wing and pin development have been shown to predict
survival of the post fledging period (Jones et al., 2020; Martin et al.,
2018). All nestlings were marked upon first measurement with a
colored marker (typically day 0-2) so that individuals could be
identified for subsequent measurements and tracked across the
growth period, before being banded (day 5-6).

2.2.2 Nestling plasma amino acid sampling

We took blood samples (approximately 50ul) from a sub-group
of nestlings in 2020-2022 for analysis of plasma amino acid
concentrations. This sample size included 13 rural nestlings from
10 nests, 15 urban nestlings from 15 nests without brood parasites,
and 15 urban nestlings that experienced brown-headed cowbird
brood parasitism from 14 nests. Again, rural nests with brood
parasitism were rare (n = 2), so we excluded this nestling group. We
collected blood samples via brachial venipuncture with a 26 gauge
needle when nestlings were 9 days old +/— 1 day (2 urban with
cowbird brood parasites on day 8, 1 rural nestling day 8, 3 urban
nestlings without brood parasites day 10). We performed all blood
collection between 0655 and 1232 hours from May 10th to July 25th
each year. We took blood samples from all nestlings measured in
each nest once they reached appropriate age, but due to the
difficulty in obtaining rural samples, only a subset of nestlings
sampled were used in order to match sample sizes by group. All
animals were handled under the relevant federal and state permits
from USDS, USFWS, VA DGIF, and IACUC at Virginia Tech.

2.3 Sample preparation
We diluted nestling plasma 1:10 with liquid chromatography-mass

spectrometry (LCMS) grade methanol and, after incubating at —20°C,
we further diluted the mixture 1:10 with our mobile phase that also
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contained LCMS grade methanol. We used Sigma-Aldrich amino acid
standards (cat.A9906) to establish which amino acids we could detect in
our plasma samples and used Cambridge Isotope Laboratories
Canonical Amino Acid Mix (MSK-CAA-1) as our internal standards.
We used a Raptor Polar X (2.7uM, 100mm x 2.1mm [cat.#9311A12])
column maintained at 35°C, and a Raptor Polar EXP guard column
cartridge (2.7uM, 5mm x 2.1mm [cat.#9311A0252]), before quantifying
free amino acids in samples using a Shimadzu mass spectrometer. We
ran all analytes in positive mode.

Data processing was performed with Lab Solutions V software.
We checked peaks and retention times to ensure that the program
correctly identified analytes in each sample. Alpha-aminoadipic
acid, cystine, homocysteine, hydroxylysine, 3-methylhistidine, beta-
alanine, beta-aminoisobutyric acid, and anserine were included in
the standards mixture but were not at detectable levels (<0.5 uM) in
any of the nestling samples and were thus excluded from analysis.
We conducted analyses on a remaining panel of 27 amino acids and
their derivatives. For samples with values below the lower detection
limit, we set their values to one-half of the lower detection limit for
the given amino acid.

2.4 Statistical analysis

2.4.1 Nestling growth statistical analysis — long
term study

All statistics were carried out in Program R (R Core Team,
2023, number 4.3.1). To determine if habitat type affected change
in morphometrics over time (i.e., growth), we ran four linear
mixed effects models (LMMs) with either body mass, tarsus
length, average wing chord, or pin feather length as response
variables using the ‘lme4’ package (version 1.1-34; Bates et al.,
2014). Significance was tested with the package ‘lmerTest’
(Kuznetsova et al., 2017), and all model assumptions were
checked with the ‘check_model’ function in the ‘performance’
package (Liidecke et al,, 2021). Nestling group (rural, urban
without brood parasite, or urban with brood parasite), age
(classified as a continuous variable), and the interaction between
nestling group and age were included as fixed effects. “Individual
nestling identity” was nested within “nest identity” for random
effects to account for the non-independence of samples from the
same nest and repeated measures, respectively. However, for the
pin feather length model, only nestling identity was included as a
random effect to avoid singularity issues with the model.

2.4.2 Nestling growth statistical analysis — amino
acid subset

We used similar models to the long term study to assess the changes
in the same four morphometrics over time. We once again ran four
LMMs with either body mass, tarsus length, wing chord, or pin feather as
response variables. Nestling group (rural, urban without brood parasite,
or urban with brood parasite), age (classified as a continuous variable),
and the interaction between nestling group and age were included as
fixed effects. Nest identity was included as the random effect.
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2.4.3 Amino acid study statistical analysis

Amino acids can be interrelated because many of them are
synthesized from one another. Therefore, to determine if nestlings
from different habitats and with different brood parasite status differed
in their amino acid panels, we performed a principal component
analysis (PCA) including all 27 amino acids and their derivatives.
Adequate concentrations of non-essential amino acids can alleviate
amino acid deficits during development in addition to the direct
consequences a lack of essential amino acids incurs, so all 27 amino
acids and their derivatives were included in our analysis. To investigate
how the nestling group may affect amino acid composition, we used the
resulting first principal component (PC1) as the response variable in a
linear model with the nestling group and year as fixed effects.

3 Results
3.1 Nestling growth

3.1.1 Nestling growth — long term study

We found significant differences in growth (ie., morphometric
measures at different time points) among nestling groups based on two
of our morphometric measurements (Table 1). Specifically, there was a
significant interaction between nestling group and nestling age,
indicating that nestlings from different groups changed
morphometrics differently over time for body mass and tarsus length,
but not for wing chord or pin-feather length (Figure 1; Supplementary
Figure S1). Specifically, both urban nestling groups had poorer growth
of body mass and tarsus length compared to rural birds.

3.1.2 Nestling growth — amino acid subset

We found no significant differences in growth (body mass,
tarsus length, wing chord, and pin feather length) by nestling group
in the subset of nestlings sampled for amino acids (please see
Supplementary Table S1 for the full model outputs).

3.2 Nestling amino acid concentrations

The first principal component for the amino acid profile
explained 35.66% of the variation in plasma concentrations of all
27 amino acids and their derivatives (Table 2; Figure 2). Loadings
for the first principal component were generally higher in essential
amino acids compared to non-essential amino acids (Table 2).
Phenylalanine, isoleucine, leucine, proline, valine, and lysine were
the highest loading essential amino acids, while tyrosine was the
only non-essential amino acid with high loading (Table 2). There
were no significant differences among nestling groups in the
composite measure of amino acid concentrations when PC1 was
used as a response variable in a linear model (Supplementary Table
§2: (Urban non-parasitized: = —0.455, SE = 1.259, t value =
-0.362, Pr(>|t|) = 0.720; Urban parasitized: B = 0.842, SE = 1.200, t
value = 0.701, Pr(>|t|]) = 0.487). Please see Table 3 for the
concentrations of all amino acids for each nestling group.
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TABLE 1 In the growth study using the long-term dataset we found no significant differences in body mass, wing chord, or pin feather length by
nestling group alone.

Fixed Effect B SE df t value Pr(>|t|)
Body Mass (Intercept) 1.900 0.325 267.923 5.862 p < 0.001*
Urban non-parasitized 0.493 0.393 282.228 1.253 0.211
Urban parasitized -0.107 0.459 285.226 -0.233 0.816
Nestling age 1.614 0.042 728.231 38.879 p < 0.001*
Urban non-parasitized*Age -0.129 0.050 718.764 -2.615 0.009*
Urban parasitized*Age -0.199 0.058 721.973 -3.405 p < 0.001*
Tarsus Length (Intercept) 6.716 0.294 228.439 22.831 p < 0.001*
Urban non-parasitized 0.384 0.338 257.936 1.136 0.257
Urban parasitized -0.202 0.398 201.017 —-0.508 0.612
Nestling age 1.771 0.027 2132.805 64.798 p < 0.001*
Urban non-parasitized*Age -0.165 0.031 2127.959 —-5.277 p < 0.001*
Urban parasitized*Age —0.142 0.036 2141.879 -3.900 p < 0.001*
Wing Chord (Intercept) 2.137 0.665 269.854 3.212 0.001*
Urban non-parasitized 0.582 0.797 280.848 0.730 0.466
Urban parasitized 0.080 0.924 267.604 0.087 0.931
Nestling age 3.337 0.082 714.148 40.493 p < 0.001*
Urban non-parasitized*Age 0.017 0.096 701.956 0.175 0.861
Urban parasitized*Age -0.110 0.112 700.949 -0.983 0.326
Pin Feather Length (Intercept) -12.907 2.545 143.228 —-5.096 p < 0.001*
Urban non-parasitized 2.273 3.210 170.116 0.708 0.480
Urban parasitized 7.264 4.263 226.093 1.704 0.090
Nestling age 2.351 0.317 122.495 7.410 p < 0.001*
Urban non-parasitized*Age -0.301 0.396 148.734 -0.759 0.449
Urban parasitized*Age -1.010 0.516 209.832 -1.957 0.052
Random Effect Variance SD
Body Mass NestID:nestlingID 0.202 0.449
NestID 1.636 1.279
Residual 2.527 1.590
Tarsus Length NestID:nestlingID 0.4786 0.692
NestID 1.453 1.206
Residual 2.165 1.472
Wing Chord NestID:nestlingID 0.265 0.515
NestID 7.591 2.755
Residual 8.638 2.939
Pin Feather Length NestID:nestlingID 2.790 1.670
Residual 15.26 3.907

However, the interaction of age and nestling group showed significant differences between nestling group and body size growth rates for body mass and tarsus length. Each body measurement is a
separate model, and model output values are in comparison to rural nestlings. * represents a significant finding in a model, and the bold text shows a significant difference between groups in one
of our measures of growth.
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TABLE 2 Principal component 1 (PC1) loadings from essential and non-
essential amino acids and their derivatives in nestlings.

Analyte Loading

Essential Amino Acids

Phenylalanine 0.304
Isoleucine 0.297
Leucine 0.292
Proline 0.292
Valine 0.286
Lysine 0.284
Arginine 0.256
Histidine 0.255
Tryptophan 0.224
Methionine 0.184
Serine 0.083
Threonine 0.057
Glycine -0.018
Non-essential Amino Acids

Tyrosine 0.286
Aspartic Acid 0.211
1-Methylhistidine 0.206
Glutamic Acid 0.190
Cystathionine 0.173
Ornithine 0.112
Hydroxyproline 0.058
Citrulline 0.058
Carnosine —0.054
Sarcosine —-0.048
Alanine —0.041
Taurine -0.029
Alpha amino n butyric acid 0.024
Gamma amino butyric acid -0.012

PCI explained 35.66% of the variance within the principal component analysis.

4 Discussion

In our study system of song sparrows, urban sites have higher rates
of brood parasitism by brown-headed cowbirds (Lane et al., 2023) and
lower arthropod biomass and abundance (VanDiest et al., 2024),
raising the possibility that urban nestlings are nutritionally limited.
Energy deficits caused by brood parasites or limited nutrition,
including protein, can reduce the body size of nestling songbirds
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(Heiss et al., 2009; Searcy et al., 2004; Nowicki et al., 2002; Ricklefs,
1979; Payne, 1977), presenting an opportunity to examine relationships
among facets of urbanization and individual physiology and condition.
We hypothesized that differences in brood parasitism and prey
availability associated with urbanization could have negative
consequences for the growth of nestlings in urban habitats, and that
amino acids are one of the mechanisms that mediate these effects. We
predicted that urban nestlings from nests with brown-headed cowbird
chicks would have the slowest growth (measured as morphometric
values over the first 10 days of development) and lowest concentrations
of free amino acids in their plasma. Consistent with our predictions, we
found that urban nestlings from nests with a brown-headed cowbird
brood parasite had significantly lower body mass and tarsus length over
time, and a non-significant trend for lower pin feather length over time,
indicating slower growth compared to rural nestlings (Figure 1;
Table 1). We also found that nestlings from urban nests without
brood parasites had lower body mass and tarsus length across time
points (ie., growth) compared to rural nestlings, though not to the
same degree as parasitized urban nestlings. This suggests that while
urbanization has an effect on growth differences between groups, brood
parasitism, which is effectively unique to urban nests in our system, is
the larger driver of these differences. Though some studies have found
no differences between body condition or growth of urban and rural
nestlings (Heppner et al., 2023), our findings are consistent with several
other studies reporting slower growth and lower body size or condition
in nestling and fledgling songbirds in urban environments [great tits
(Parus major; Corsini et al., 2020; Seress et al., 2018; Bailly et al., 2016),
blue tits (Cyanistes caeruleus; Corsini et al., 2020; Bailly et al., 2016),
house sparrows (Passer domesticus; Seress et al., 2012; Meillere et al,
2015), red-winged starlings (Onychognathus morio; Catto et al., 2021),
and American crows (Corvus brachyrhynchos; Heiss et al., 2009)]. We
saw significant differences in tarsus and mass development between
both urban groups and the rural group (Figure 1), but not in wing
development which was a nonsignificant trend (Supplementary Figure
S1). This could be due to differential investment in growth metrics by
nestlings. With limited access to nutrients, nestlings may invest the
resources they have in aspects of growth that are more important to
survival. Therefore, nestlings in the parasitized and urban groups could
be investing more in wing and feather development, rather than
structural size or body mass, because wing and pin development at
fledge has been shown to predict survival of the post fledging period
(Jones et al., 2020; Martin et al,, 2018). Additionally, decreasing body
size while increasing wing development could increase nimbleness,
aiding in predator avoidance (Macleod et al., 2005). However, reduced
body mass at fledge results in lower nestling energy reserves, so this
increased agility comes at a cost. Reduced energy reserves demand
increased foraging time for fledglings and adults, exposing both to
potential predators.

There is little information about minimum amino acid
requirements for nestling songbirds, but it is unlikely the birds in
our study experienced deficits as they did not display pathologies
associated with amino acid limitation (i.e., deformities or death)
and mean concentrations of our composite amino acid metric did
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FIGURE 1

The effects of nestling group and age on body mass and tarsus length for all song sparrow nestlings we measured multiple times from 2017 to 2022.
Green represents rural nestlings (n = 89), dark grey represents urban non-brood parasitized nestlings (n = 183), and brown represents urban brood-
parasitized nestlings (n = 78). Standard error is represented by the light grey field surrounding each line. Rural nestlings had increased change over
time of body mass and tarsus length compared to both urban nestling groups. Wing chord and pin feather length figures can be found in

Supplementary Figure S1.

not vary significantly among groups (Table 3; Supplementary
Figure S2). However, studies in chickens suggest that, very
generally, “more is better” for the essential amino acids lysine,
methionine, and arginine, which are associated with enhanced
muscle development and growth (Langlois and McWilliams,
2021; Chen et al, 2013; Tesseraud et al., 2001; Klasing, 1998).
Further, a study in wild herring gulls found that birds from colonies
with less protein-rich prey had lower concentrations of plasma
amino acids and lower body condition (Larus argentatus; Hebert
et al,, 2002), though the differences in life history and physiology
between gulls and sparrows should be considered to avoid
specious assumptions.

It is possible that we failed to find differences in amino acid
profiles because, though we found differences in morphometrics in
nestlings from different groups in our larger study (Figure 1), we
could only measure plasma amino acids in a subset of nestlings, and
this reduced sample size may limit detection of more subtle
differences. A smaller sample size obscuring our findings is
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supported by the subset of nestlings measured for the amino acid
study not having any significant differences in growth
(Supplementary Table S1). Though we conclude that nestlings in
urban habitats, even with cowbird brood parasites in their nests,
had adequate amino acid availability, survivorship bias should be
considered when interpreting our results. Specifically, because we
sampled song sparrow nestlings for the amino acid study after
monitoring their growth and just before they fledged, we did not
sample nestlings that died, and thus we would not have detected
pathologically low amino acid levels. Our failure to detect
differences in amino acids among nestling groups cannot rule out
the possibility that younger song sparrow nestlings, or nestlings that
did not survive, differed in plasma amino acid concentrations at
earlier points in development. Collectively, our study suggests that
free amino acid concentrations may only be depleted in plasma
when an animal is experiencing severe protein deficits, making
comparisons of plasma amino acids most relevant when nestlings
are at risk of starvation.
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0
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FIGURE 2

Score plot of all amino acids by nestling group, with ellipses encompassing 95% of the dataset. The closer points are to one another, the
more similar a nestling’s free plasma amino acid profiles are. Green represents rural nestlings (n = 13), dark grey represents urban nestlings
(n = 15), and brown represents urban brood-parasitized nestlings (n = 15). Principal component one (PC1) explains 35.66% of the variation
in this principal component analysis, while principal component two explains 13.80% of the variation. PC1 did not significantly differ by
nestling group.

TABLE 3 The average concentrations of all analytes in our three nestling groups (n=15 for both urban groups and n=13 for rural).

Amino acid Rural Urban Urban parasitized Lower detection Upper detection
avg (ppm) avg (ppm) avg (ppm) limit (uLM) limit (uM)

Essential amino acids

Lysine 14.751 13.661 17.639 0.5 100
Methionine 3.892 7.246 3376 05 100
Arginine 20.592 19.548 21.002 05 100
Isoleucine 14.982 14.641 17.418 05 100
Leucine 18.440 19.841 25.094 05 100
Proline 21.070 21.967 27.344 05 100
Serine 38.834 46.072 40.943 05 100
Threonine 24.769 23306 25576 05 100
Valine 47.000 41.040 49.602 05 100
Histidine 6.060 6.099 6.940 05 100
Tryptophan 7.180 5.498 6.089 05 100
Phenylalanine 10.848 9.940 11.046 5 100

(Continued)
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TABLE 3 Continued

Urban
avg (ppm)

Amino acid Rural

avg (ppm)

Urban parasitized
avg (ppm)

10.3389/fbirs.2025.1566509

Lower detection
limit (uM)

Upper detection
limit (uM)

Other amino acids and their derivatives

Glycine 29.778 43.504 30.209 5 100
Taurine 41.515 58.453 45.796 5 100
Alanine 1414 2.972 1.929 0.5 100
Tyrosine 14.303 14.399 16.659 0.5 100
Carnosine 4.520 5.611 3.892 0.5 100
Hydroxyproline 5.690 9.026 7.987 0.5 100
Citrulline 2.178 2.532 2.508 0.5 100
Ornithine 1912 2.346 2.173 0.5 100
Cystathionine 2.425 2.175 2.236 0.5 100
Sarcosine 1.938 3.726 2.374 0.5 100
1-Methylhistidine 2.162 2.338 2.282 0.5 100
o-Amino-n- 61.640 52.048 64.619 5 100
butyric acid

Y-Aminobutyric acid 1.178 0.876 0.559 0.5 100
Aspartic acid 9.664 13.684 17.401 1 100
Glutamic Acid 23.007 25.304 23.197 0.5 100

Additionally, we include the upper and lower detection limits used in LCMS (units are in tM). Note all amino acids and their derivatives from our standards mix that were undetectable (Alpha-
aminoadipic acid, cystine, homocysteine, hydroxylysine, 3-methylhistidine, beta-alanine, beta-aminoisobutyric acid, and anserine) were dropped from analysis for being below the lower

detection limit threshold.

5 Conclusions

The growing field of urban ecophysiology will be advanced by
placing biomarkers and measures of individual condition in the
context of ecological variation examined by urban ecology
(Isaksson et al., 2024; Sumasgutner et al., 2023; Iglesias-Carrasco
et al., 2020; Isaksson, 2020; Monaghan, 2008; Shochat et al., 2006).
Additionally, studies of the effects of urbanization on individuals
that are most vulnerable to environmental variation, such as
developing young, may provide insights into the effects of
anthropogenic environmental change on the health of wildlife
(Bailly et al., 2016; Seress et al., 2012). In this study, we
hypothesized that nestlings in urban habitats, which face higher
rates of brood parasitism by brown-headed cowbirds and lower
availability of arthropod prey, may have slower growth, and such
slower growth might be associated with lower plasma amino acids,
an essential nutrient that supports growth. Consistent with several
other studies (Lorenzana and Sealy, 1999; Dearborn et al., 1998;
Payne, 1998, 1977), we found that urban nestlings from nests with
brood parasites grew more slowly (Figure 1). Contrary to our
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predictions and a previous study on plasma protein in urban
nestling crows (Heiss et al., 2009), we did not find differences in
nestling amino acid profiles (Figure 2). Though a larger sample
size that includes younger nestlings that may not survive to fledge,
or a study system with greater nutrient limitation might detect
variation in plasma amino acids, our current results do not
support the hypothesis that amino acid availability is a
mechanistic link between ecological conditions and individual
health. Our findings do, however, encourage future work linking
urban ecology and ecophysiology by pursuing biometrics that
could serve as mechanisms linking individual health to ecological
variation including urbanization.
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