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ABSTRACT  

 

The Central Coast of California has implemented bare-ground buffers to deter the presence of 
food-borne pathogens in produce. Besides being ineffective, the destruction of natural habitat 
may also place avian communities at risk as they decrease critical resources for wildlife. To  
ascertain how rapid land use changes in the Central Coast are impacting surrounding biotic 
communities, I mist-netted birds on organic strawberry farms in Monterey and Santa Cruz 
counties during July and August 2018. I sampled passerine and near passerine birds as they are 
commonly used as indicators of environmental health. For each sampled bird, a blood smear was 
made and stained with Giemsa-Wright stain for the quantification of white blood cells. The ratio 
of two white blood cells, heterophils and lymphocytes, (H:L ratio) served as a proxy for bird 
health. Mixed-effects modelling revealed that song sparrow health slightly increased on farms 
with high proportions of agriculture; this trend was marginally significant at p = 0.08. High 
levels of reproductive readiness were also linked to improved song sparrow health, with this 
trend being statistically significant at p = 0.007. Foraging and habitat resources created by 
agriculturalists and fledging survivorship may be impacting bird health in the Central Coast. This 
preliminary work calls for a re-evaluation of human-wildlife relationships as agricultural spaces 
may be safeguarding avian communities. Providing farmers with incentives and resources to 
foment bird-friendly crop production may be critical in balancing wildlife and human concerns 
in rapidly changing agricultural regions.  
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INTRODUCTION  

 

Avian communities near agricultural fields impact both human health and surrounding 

ecological communities. Birds provide critical ecosystem services to farmers by predating on 

crop pests in a variety of agroecological systems including coffee, cacao, and palm oil farms 

(Railsback and Johnson 2014, Maas et al. 2013, Koh 2008). However, birds also pose challenges 

to agricultural production because they eat crops and their feces can be found in adjacent 

waterways and on produce (Karp et al. 2015a, Westerlund et al.1999, Bihn and Gravani 2006, 

Clark and Hall 2006). As birds are vectors for food-borne pathogens such as E. coli, Salmonella 

spp. and Campylobacter spp., destroying natural habitat near farms potentially deters the spread 

of infectious agents (Wetzel and LeJeune 2006, Park et al. 2013, Karp et al. 2015a, Karp et al. 

2015b, Wild Farm Alliance 2016). Bare ground buffers, swaths of unvegetated land adjacent to 

farmland, destroy critical resources for wildlife cohabiting with agro-ecological systems and 

disrupt ecosystem services. These landscape changes are linked to decreases in bird biodiversity 

in the surrounding landscape (Hallman et al. 2017, Inger et al. 2015). Consequently, the study of 

birds in agricultural areas has been centered on human concerns; nonetheless anthropogenic 

actions may likewise affect avian communities. 

To shift the focus from humans to wildlife in agricultural systems, the landscape matrix 

approach allows for discerning at multiple scales the complex interplay between an organism’s 

health and its surroundings. This approach envisions a collection of natural habitat patches 

coalescing to form the landscape at large, referred to as the matrix (Fahrig 2001, Perfecto and 

Vandermeer 2009). Carving out portions of the natural environment for agricultural purposes 

potentially disturbs the overall matrix (Lindenmayer et al. 2008). Thus, areas with more 

connected natural habitat patches are preferred. Adopting the established landscape matrix 

approach provides a more robust theoretical foundation for the idea of a “quality” landscape. 

Wildlife health studies have widely implemented this framework to discuss how landscape 

changes impact wildlife health in terms of: species composition, abundance and richness, gene 

flow, and parasitism (Buskirk 2012, Brady et al. 2011, Häkkilä et al. 2017, Laurance et al. 2013). 

Yet few molecular and cellular–level techniques have been implemented at the landscape scale 

to discuss community well-being. 
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Immunology can assess how wildlife health is being impacted by varying landscape 

matrix compositions. The ratio of two white blood cell types, heterophils and lymphocytes (H:L 

ratio), has been used to infer a bird’s future and present state of health in a variety of contexts, 

from confined feeding operations to national reserves (Kilgas et. al 2006, Al-Murrani 2007, 

Bienzle et. al 1997, Lobato et. al 2005). Although the H:L ratio is a high fidelity marker of bird 

health, it has not been used to quantify how bird health is impacted by changing landscapes. By 

linking the H:L ratio to landscape quality, specific landscape configurations can be discerned as 

detrimental to birds in agro-ecological systems. 

Using the H:L ratio as a measure of bird health within a landscape matrix framework can 

determine how bird health is impacted by landscape composition in agricultural areas. This study 

asks if certain agricultural land use types are more critical to avian health in comparison to 

others. We also consider if particular species are more vulnerable to certain landscape 

configurations. In addition, birds of different reproductive states are examined to ascertain 

whether this factor impacts overall health in the face of variable environmental conditions. By 

understanding how changing agricultural landscapes are impacting avian communities, farmers 

and food regulators will be able to balance human and wildlife concerns more equitably. 

 

METHODS  

 

Study sites 

 

During July and August of 2018, as part of the Kremen Lab at UC Berkeley and the Karp 

Lab at UC Davis, I mist-netted for passerine and near-passerine (tree perching and dwelling) 

birds on 20 organic strawberry farms in Monterey and Santa Cruz Counties (Figure 1). These 20 

farms were selected to capture a spectrum of agricultural and landscape conditions. Farm sizes 

ranged from 0.04 to 9 km2, with production models greatly differing. Some sites were 

monocultures, while others contained over 60 crops. These farms are also located along a land-

use gradient, where the density of natural landscapes was 53% in some areas while in others 87% 

of the area corresponded to agriculture.  
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Figure 1. Spatial distribution of the 20 sampled farms in Monterey and Santa Cruz Counties. Each circle 
encloses a region of sampled farms. The number of farms found within each circle is denoted at the top of each 
region. The base map was created using National Agricultural Imagery Project (NAIP) photographs (United States 
Department of Agriculture Farm Service Agency 2018).  
 

Landscape diversity 

 

To determine each site’s landscape diversity, I digitized land use types on and 

surrounding each farm. I downloaded National Agricultural Imagery Project (NAIP) photographs 

corresponding to Santa Cruz and Monterey Counties and imported them into ArcGIS (United 

States Department of Agriculture Farm Service Agency 2018, ESRI 2018). I overlaid GPS 

waypoints of each farm onto NAIP imagery to locate the sites within the larger landscape matrix. 

A one kilometer buffer circle was drawn around each farm and all land uses within this region 

were digitized. Using the Gonthier Lab’s landscape digitization protocol (K. Garcia, personal 

communication), land uses were categorized into the following types: forest and woodlands, 

shrublands, herbaceous vegetation, low to no vegetative cover, agriculture, urban or built 

environment, exurban, suburban, and water features (Figure 2). Google Maps was also used to 

confirm land use categorizations (Google Maps 2018). Based on the focal bird species’ life 
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histories, I used the proportion of agriculture and natural habitats (oak woodlands and shrublands 

combined) in the final mixed-effects model (Table 1). For instance, when considering breeding 

habitat (Table 1), the focal species require forested areas, brushland, or thickets, which roughly 

corresponded to the oak woodlands and shrubland vegetation types I digitized. 

 

 
 

Figure 2. Digitization of land uses within an example farm in ArcGIS (ESRI 2018). Each color within the one-
kilometer buffer corresponds to a different land use type.  
 

Study organisms 

 

Although California’s Central Coast has diverse flora and fauna, I focused on passerine 

and near passerine birds as these taxa often serve as indicators of environmental health, and more 

specifically landscape changes in agricultural areas (Ormerod and Watkinson 2000). Of the 

captured birds, I selected a subset representing the 4 most common agricultural species: song 

sparrows (Melospiza melodia), house finches (Haemorhous mexicanus), Oregon juncos (Junco 

hyemalis), and spotted towhees (Pipilo maculatus). Each bird species’ banding alpha code is: 

house finches (HOFI), Oregon juncos (ORJU), song sparrows (SOSP), and spotted towhees 

(SPTO). The subset selected amounted to 200 birds, approximately 15% of the entire mist-netted 

sample of 1303 birds. These 200 birds represented 13 of the 20 sampled farms. Each bird species 
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has different foraging, nesting, and breeding habits (Table 1). The differences in biological 

functional traits are expected to be predictive of certain bird species being more vulnerable to 

changes in the natural landscape.  

 
Table 1. Summary of song sparrows, house finches, Oregon juncos, and spotted towhees’ life histories. All 
taxa are from the family passerellidae, order passeriformes (Dobkin 1990, Granholm 1990a, Audubon 2019, 
Granholm 1990b, Green 1990). Each bird species’ banding alpha code is included (i.e. house finches as HOFI).  
 

Species Food Guild Cover Nestling Clutch Size Start of 
Breeding 
Season 

Breeding 
Habitat 

House finch 
(Haemorhous 
mexicanus)  
 
HOFI 
 

Fructivore 
and granivore 

Trees, tall 
shrubs, and 
buildings 

Trees, 
abandoned nests, 
and human-made 
structures 

Lay 2-6 eggs, 
2-3 broods 
per year 

March or 
April 

Varied; 
conifers, 
cacti, man-
made 
structures, 
and old bird 
nests 

Oregon junco 
(Junco hyemalis) 
 
ORJU 
 

Insectivore 
and granivore 

Trees, 
shrubs, and 
ground 
herbage 

On ground, small 
tree or shrub 
near water 

Lay 3-5 eggs, 
2-3 broods 
per year 

April into 
August, 
peaking in 
May and 
June 

Forests, 
woodlands, 
and forest 
edges 

Song sparrow 
(Melospiza 
melodia) 
 
SOSP 

Omnivore, 
eats litter 

Low dense 
vegetation 
near moist 
areas 

On ground, small 
trees and shrubs 

Lay 3-6 eggs, 
2-3 broods 
per year 

April Dense 
riparian 
thickets and 
wetlands 

Spotted towhees 
(Pipilo maculatus) 
 
SPTO 

Omnivore, 
eats litter 

Shrubs, 
ground 
herbage, and 
thickets with 
abundante 
leaf litter 

On ground, in 
slash pile, dense 
shrub, or vine 
tangle. 

Lay 2-6 eggs, 
2 broods per 
year 

Late April 
to late 
August, 
peaking in 
May and 
June 

Dense brush 
or thickets 
with 
substantial 
accumulation 
of litter 

 

Mist-netting 

 

To representatively sample avian communities surrounding farms, we implemented the 

standard mist-netting protocol. Mist-netting uses nets to capture and sample avian communities 

in a given area (Figure 3). We set up 10 mist nets per site along field edges, bordering strawberry 

fields, other crops, and natural areas alike. A diversity of mist-net locations ensured that we 

captured birds that were using various land use types. We recorded GPS waypoints for each net 

to later locate them on satellite imagery. Following standard protocol, all nets were opened at 

sunrise (around 5 AM) and left open for 5-6 hours (Ralph et al. 2004). Nets were checked at 20 
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minute intervals and all birds caught were brought back to the banding station for data collection. 

We worked on each farm for three continuous days to reach sample saturation. Doing so ensured 

that most, if not all, birds surrounding the farms were sampled. 

  

 
 

Figure 3. Chipping sparrow (Spizella passerina) caught inside a mist-net. Mist-netting, when done properly, 
does not place the bird at risk. 
 

Sample collection 

 

To collect data on each captured bird, we transported specimens from the nets to the on-

site station for banding and morphometric calculations. Each bird was banded with a metal ring, 

imprinted with a unique serial number provided by the United States Geological Service 

(USGS). Banding prevented a bird from being counted as a unique observation after the initial 

collection. The band also allows future researchers to access the data we collected. Mist-netting 

data must be provided to the USGS, which is then made publically available via the Bird 

Banding Laboratory website (https://www.usgs.gov/centers/pwrc/science/bird-banding-

laboratory; United States Geological Survey 2018). Each captured bird was sexed based on its 

plumage and/or visible reproductive organs. Birds were aged via the level of skull ossification 

https://www.usgs.gov/centers/pwrc/science/bird-banding-laboratory
https://www.usgs.gov/centers/pwrc/science/bird-banding-laboratory
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and/or plumage (Pyle 1997). An individual’s beak length, beak width, tail length, and tarsus 

length were also measured (Ralph et al. 2004). Lastly, we noted the presence of strawberry 

residue on a bird’s beak, and any evidence of ectoparasites such as wing lice and head ticks. 

To determine a bird’s state of reproduction, we calculated a “reproductive readiness” 

index. Reproductive readiness was determined by examining a bird's cloacal protuberance or 

brood patch, for males and females respectively (Figure 4). The cloacal protuberance and brood 

patches’ size, color, and texture indicate a bird’s breeding preparation (Pyle 1997). These organs 

were assigned a score ranging from 0-4, where larger numbers designate a bird is more prepared 

for reproduction. Using cloacal protuberance and brood patch scores as proxies for “reproductive 

readiness,” I calculated z-scores for both male and female breeding parameters and combined 

them into a single metric called “reproductive readiness.” Standardizing the scores via a z-score 

calculation allowed for models that included a single term to describe a bird’s current or 

potential sexual activity. 

 

 
 

Figure 4. A female house finches’ (Haemorhous mexicanus) brood patch. Brood patch and cloacal protuberance 
scores, for female and male birds respectively, served as a proxy for a bird’s level of breeding preparation (Pyle 
1997). 
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White blood cell differential 

 

Collecting avian blood samples  

 

To determine avian community health, we collected a blood sample from each captured 

individual to create blood smears. Using a 27-gauge needle, we extracted approximately 50 μL 

of blood from a bird’s brachial vein (Morishita et al. 1999, Valera et al. 2006). The blood was 

then placed in a heparinized tube to prevent coagulation. With the heparinized blood, we made a 

blood smear for each sampled bird, following Owen’s suggested protocol (2011). Blood smears 

were then placed in a slide box to dry and relocate to the laboratory. 

 

Staining blood smears  

 

To determine the white blood cell composition of each bird, I stained the blood smears 

with Giemsa-Wright stain. Giemsa-Wright staining was selected because it causes different 

blood elements to acquire characteristic colors (Figure 5), resulting in the precise quantification 

of white blood cell types. Giemsa-Wright staining is a routine procedure in wildlife health 

studies, however there are no published protocols in the peer-reviewed literature (Owen 2011, 

Eberhard & Lammie 1991). As I result, I developed a protocol for staining. First, I fixed each 

blood smear with 100% methanol to prevent the stain from washing away the blood sample. To 

stain the samples, I used phosphate buffer pH 7.2 (Sigma Aldrich, P3288) and modified Giemsa 

stain (Sigma Aldrich, GS500). I placed 4 mL of the stain and 20 mL of the buffer inside a coplin 

jar. Next, I placed ten slides back to back inside the jar and let them stain undisturbed for 50 

minutes. Once 50 minutes had passed, I removed the slides from the jar with forceps. I rinsed the 

smears with distilled water (Arrowhead) to allow any stain that did not bind with the blood to 

wash off. Removing residual stain and buffer increased image resolution under the microscope. I 

was able to reuse the staining solution for a total of 5 dips (= 50 slides). Slides placed into the 

solution past this point resulted in faintly stained samples, making blood element identification 

difficult. After staining the slides, I laid them out to dry for an hour by placing them against 

plastic bins lined with paper towels. 
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Figure 5. Blood smear viewed at the 100x oil immersion objective. Note the differential staining of the white and 
red blood cells due to the Giemsa-Wright stain. 
 

Identifying and quantifying white blood cell types  

 

To perform a white blood cell differential for each smear, I observed the stained samples 

under a microscope. I used a Zeiss Primo Star iLED Fluorescence Microscope for all the 

differentials. I placed each smear under the lowest power objective (10x) and searched for a field 

of view that did not have overlapping cells nor cells sparsely distributed (R. Bandivadekar, 

personal communication). A distribution of cells within these extremes is called the monolayer. 

Once the monolayer was identified, I placed a single drop of oil immersion fluid onto the slide.  I 

moved up to the 100x oil immersion objective and scanned the smear until 200 white blood cells 

were counted (Ciesla 2007). To avoid double counting, I followed a snaking pattern from head to 

tail of the smear (Figure 6; Godfrey et al. 1987, Merino et al. 1997). I tracked the observed white 

blood cells with a cell counter. White blood cell types were categorized into one of the following 

types: lymphocytes, heterophils, basophils, monocytes, and eosinophils. Separately, I made note 

of any parasites I identified, particularly Haemoproteus spp. and microfilariae given they greatly 

place bird health at risk (Atkinson 1991, Bartlett 2008). Once a smear had been fully analyzed, I 

calculated its H:L ratio by dividing a sample’s heterophil count by its lymphocyte count. High 
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H:L ratios are associated with birds in poor health (Kilgas et. al 2006, Al-Murrani 2007, Lobato 

et. al 2005).   

 

    
 

Figure 6. The snaking pattern, from head to tail of the smear, followed when systematically counting blood 
elements.  
  

Mixed-effects model 

 

To distill the relationship between landscape composition and bird health, I created and 

ran linear mixed-effects models (LMEs). For modeling, I used the statistical program R version 

3.6.1 (R Core Team 2018) with the lme4 (Bates et al. 2015), lmtest (Zeileis and Hothorn 2002), 

and stargazer (Hlavac 2015) packages. Visualizations were created using the ggplot2 package 

(Wickham 2016). As the H:L ratio was not normally distributed based on the QQ-plot, I first log-

transformed the H:L ratio so that it could be used in parametric tests (Appendix Figure A1-2). 

The model’s syntax was determined based on the experimental design and hypotheses as: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ  ~ 𝑅𝑅𝐻𝐻𝑅𝑅𝐵𝐵𝑅𝑅𝐵𝐵𝑅𝑅𝑅𝑅𝐻𝐻𝐵𝐵𝑅𝑅𝐻𝐻 𝑅𝑅𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵𝑅𝑅𝐻𝐻𝑅𝑅𝑅𝑅 ∗ 𝑆𝑆𝑅𝑅𝐻𝐻𝑅𝑅𝐵𝐵𝐻𝐻𝑅𝑅 + 𝑁𝑁𝐻𝐻𝐻𝐻𝑅𝑅𝐵𝐵𝐻𝐻𝐻𝐻 𝐻𝐻𝐻𝐻𝐻𝐻𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝑆𝑆𝑅𝑅𝐻𝐻𝑅𝑅𝐵𝐵𝐻𝐻𝑅𝑅 +

𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝑅𝑅𝑅𝑅𝐻𝐻𝐻𝐻𝑅𝑅𝐵𝐵𝐻𝐻 ∗ 𝑆𝑆𝑅𝑅𝐻𝐻𝑅𝑅𝐵𝐵𝐻𝐻𝑅𝑅 + (1 | 𝐹𝐹𝐻𝐻𝐵𝐵𝐹𝐹). The “Bird Health” variable is the log transformed H:L 

ratio. Farm is the random effect and there are three interaction effects with species and: the 

proportion of agriculture, proportion of natural habitat, and reproductive readiness standardized 

score respectively. As the research question is focused on how bird health is being modulated by 

changes in the landscape, “Bird Health” is the response variable. The random effect of farm 

assumes that birds sampled from the same location, regardless of their intrinsic characteristics, 

will have similar H:L ratios given the shared context. Most importantly, by setting each variable 

(reproductive readiness, natural habitat, agriculture) in interaction with bird species, the model 

may reveal if in fact some bird species are inherently more sensitive to certain land use types and 

how different levels of reproductive readiness are impacting bird health.   
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RESULTS 

 

Farm landscape characteristics 

 

The thirteen farms in the study varied greatly in terms of the proportion of agricultural 

fields, shrublands, and oak woodlands present (Table 2). Farm 11 had the largest proportion of 

land dedicated to agriculture, followed by farm 1, with values of 0.87 and 0.73 respectively. 

Farm 6 had the least amount of agriculture present at 0.02. Shrublands were the land use type 

least represented in the sample, with the highest proportion corresponding to farm 7 at 0.18 

(Table 2). Although the median proportion of shrublands was 0.02, some locations, such as farms 

1 and 10, did not have shrublands represented (Table 2). Conversely, the proportion of oak 

woodlands fluctuated between farms. Farm 10 did not have any oak woodlands, while farm 6 

had over a third of its area comprised of this land use type (Table 2). 

 
Table 2. Proportion of agriculture, shrublands, and oak woodlands on each farm. Dominant land use types 
(proportions above 0.5) are bolded. Note that the proportions do not add up to 1 as there were additional land use 
types not considered in this study, such as suburban and urban land uses.   
 

Farm Proportion of Land  
as Agriculture 

Proportion of Land as 
Shrubland 

Proportion of Land as 
Oak Woodlands 

1 0.73 0 0.02 
2 0.29 0.09 0.19 
3 0.36 0.08 0.23 
4 0.34 0.01 0.27 
5 0.24 0.003 0.09 
6 0.02 0.16 0.37 
7 0.15 0.18 0.002 
8 0.68 0.002 0.14 
9 0.14 0.1 0.21 

10 0.82 0 0 
11 0.87 0.00007  0.03 
12 0.32 0.09 0.15 
13 0.32 0.02 0.30 
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Bird community composition   

 

Each farm had a distinct bird community composition in terms of the richness and 

abundance of the four focal species (Figure 7). The highest bird count occurred in farm 6, while 

the lowest count occurred in farm 10. On each of these farms, 27 versus 4 birds were sampled 

respectively. Only farm 6 had all four species of interest present; most farms had only three out 

of the four study species present. Within the entire sample, song sparrows were the most 

represented (69 birds, 35% of sample), while spotted towhees were the least sampled (31 birds, 

16% of the sample) (Figure 7).  Each farm also represented different age and sex demographics 

(Appendix Table B1-2). 
  

  
 

Figure 7. Bird species counts by farm. Each bird species is referred to by its bird banding alpha code: House 
finches (HOFI), Oregon juncos (ORJU), song sparrows (SOSP), and spotted towhees (SPTO). Each bird species has 
its own bar and is shown in a different color. Bars are grouped by farms.  
  

Modeling bird health and landscape quality 

 

In the mixed-effects model, only two terms emerged as significant: the interaction effect 

between song sparrows and the proportion of agriculture on farms, and the interaction effect 

between song sparrows and reproductive readiness (Table 3). The interaction effect involving 

agriculture was marginally significant at p = 0.08, while the interaction effect with reproductive 

readiness was highly statistically significant at p =  0.007 (Table 3). When comparing the effect 

sizes of the two significant effects, the interaction effect with reproductive readiness emerged as 

greater than the interaction effect with agriculture, 6.13 and 5.46 respectively (Table 3).   
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Table 3. Relationship between bird health, proportion of natural habitat and agriculture on farms, and 
reproductive readiness. The final model was as follows: Bird Health ~ Reproductive Readiness * Species + 
Natural Habitat * Species + Agriculture * Species + (1 | Farm). In the output table, one asterisk denote p < 0.01 and 
bolded terms denote p < 0.1. House finches were the reference group. The degrees of freedom associated with each 
factor was 98. The effect size reported is a standardized effect size, where each predictor variable was subtracted by 
its mean and divided by two standard deviations. Each bird species is referred to by its bird banding alpha code.  
 

Factor Effect 
Size 

Standard 
Error 

T-Value P-value 

Null -1.90 1.04 -1.83 0.07  
ORJU 1.40 2.02 0.70 0.49 
SOSP 1.30 1.32 0.98 0.33 
SPTO 2.82 2.27 1.24 0.22 
Natural Habitat 0.5 2.91 0.17 0.86 
Agriculture 1.53 2.08 0.74 0.46 
Reproductive Readiness -2.18 1.77 -1.23 0.22 
Natural Habitat*ORJU -6.68 7.28 -0.92 0.36 
Natural Habitat*SOSP 4.84 3.70 1.31 0.19 
Natural Habitat*SPTO 4.32 7.10 0.68 0.54 
Agriculture*ORJU -8.21 8.87 -0.93 0.36 
Agriculture*SOSP 5.46 3.12 1.75 0.08 
Agriculture*SPTO 2.12 8.72 0.24 0.8 
Reproductive Readiness*ORJU -2.89 3.18 -0.91 0.37 
Reproductive Readiness*SOSP 6.13 2.24 2.74 0.007* 
Reproductive Readiness*SPTO -3.07 3.95 -0.78 0.44 

 

The positive effect sizes for the significant and marginally significant interaction effects 

indicate that, compared to house finches (the reference group), song sparrows experienced a 

steeper increase in health with: increasing proportions of agriculture on farms and higher levels 

of reproductive readiness (Figure 8, Figure 9). As there is a less statistically significant 

relationship between song sparrow health and the proportion of agriculture, this relationship is 

less marked on the scatterplot as compared to the relationship between reproductive readiness 

and bird health (Figure 8, Figure 9). 
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Figure 8. Relationship between the proportion of land devoted to agriculture and bird health. The “bird health 
metric” is the log-transformed H:L ratio that has been inverted, such that higher values indicate better health. Each 
bird species is referred to by its bird banding alpha code; each bird is shown in its own color on the plot. (A) The 
scatterplot depicting the trends between bird health and the proportion of agriculture on farms, with all points in the 
data set included. (B) The same scatterplot as (A) but zoomed in to better visualize individual species’ trends. 
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Figure 9. Relationship between reproductive readiness and bird health. The “bird health metric” is the log-
transformed H:L ratio that has been inverted, such that higher values indicate better health. “Reproductive 
readiness” is the standardized cloacal protuberance and brood patch scores for male and female birds respectively. 
Each bird species is referred to by its bird banding alpha code; each bird is shown in its own color on the plot. 
 

DISCUSSION 
 

The proportion of agriculture on farms and bird’s reproductive readiness were the two 

factors that most influenced song sparrow health. Compared to house finches, song sparrows 

were in marginally improved health on farms with higher proportions of agriculture. Similarly, 

song sparrows were the healthiest at higher levels of reproductive readiness as compared to the 
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reference species. In considering food guilds and the resources present on anthropogenic 

landscapes, our findings imply that birds may obtain critical resources from agricultural spaces in 

the form of habitat and forage. Trends in reproductive readiness can be interpreted through the 

lens of survivorship: birds that survived the breeding season had more robust immune systems. 

By means of the H:L ratio, we can begin to uncover how changes in the landscape matrix are 

impacting avian community health in the Central Coast of California. 

  

Foraging and habitat resources on farmland  

  

During statistical modeling, song sparrows were in marginally better health as compared 

to the reference species as the proportion of agriculture on farms increased (Figure 8). This trend 

can initially appear counterintuitive, as human intervention in the landscape has historically 

negatively impacted wildlife (c.f. Laurance et al. 2013, Hallman et al. 2017, Inger et al. 2015). 

Irrespective of the statistical significance of the modeling results, historical land use trends 

purport that agricultural land may not be the paramount stressor to avian communities. The 

proportion of agricultural lands in California has remained relatively stable, with the state only 

losing only 1% of this land type between 1973 and 2000 (Sleeter et al. 2011). Instead there has 

been a greater landscape pressure from suburban and exurban development; agricultural 

intensification may be a more critical factor when discussing wildlife health (Sleeter et al. 2011, 

Donald et al. 2006, Jerrentrup et al. 2017). Even if the amount of agricultural land has remained 

relatively stable, the percentage of active farmland in Mediterranean climates favors passerine 

species richness prior to the breeding season (Moreira et al. 2005, Civantos et al. 2018). This is 

because Mediterranean farmlands provide a variety of foraging and habitat resources to wildlife 

through fallow fields, cereal crops, and soil-living invertebrates, among others (Moreira et al. 

2005, Civantos et al. 2018). In this Central Coast study system, it may be that the marginal trend 

between agriculture and bird health points to the potential benefits associated with agricultural 

landscapes. However, study limitations require caution in ascribing anthropogenic land uses as 

positive to wildlife health.   
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Food guilds in changing agricultural landscapes 

  

For song sparrows, food guilds may elucidate why there was a positive association 

between health and the proportion of agricultural land. Disturbances within the landscape 

promote the presence of specialist species, while heterogeneous landscapes promote generalists 

(Jeliazkov et al. 2016). Song sparrows are generalists and reproduce and survive well on varying 

amounts of natural habitat (Table 1; Granholm 1990b, Marzluff et al. 2016). Such findings imply 

that song sparrows are a resilient species, as they can persist in changing land use configurations 

and efficiently use the resources present (Marzluff et al. 2016). Song sparrows’ generalist nature 

may contribute to the modelling results that indicate this species was less severely impacted by 

increases in agriculture (Table 3). By comparison, house finches and Oregon juncos have more 

restricted diets as they are fructivore and insectivores respectively (Table 1). Their more 

restricted feeding habits may not have been met on the studied farms, potentially contributing to 

non-significant interactions between their health and the proportion of agriculture on farms 

(Table 3; Figure 8). Spotted towhees are omnivorous birds like song sparrows, however they are 

also terrestrial birds. This taxa nests on the ground within slash piles and often breeds in thickets 

(Table 1; Dobkin 1990). Terrestrial birds can thus experience higher levels of pathogenic 

infection as they are more exposed to the warm and humid forest understory. Similarly, they are 

highly mobile hosts, and so their migration patterns can expose them to a plethora of pathogens 

(Laurance et al. 2013, Gronesova et al. 2008, Swetnam et al. 2018). Thus for spotted towhees, 

pathogenic infection may diametrically oppose the benefits garnered from the resources on 

farmland. Overall, considering food guilds provides a more holistic and species-centered 

perspective on how birds interact in complex landscape mosaics, and yet a bird’s reproductive 

readiness presents an added stressor that may compound the impacts of changing landscapes. 

  

Reproductive readiness and bird health 

  

Reproductive readiness was the variable that most strongly modulated song sparrows’ 

state of health (Table 3, Figure 9). The relationship between these two variables was positive, 

such that higher levels of readiness were vinculated to improved health. These findings strongly 

contrast with others. Although bird species have different baseline levels of stress (Valkiūnas 
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1997, Hawkey et. al 1984, Maxwell and Robertson 1998), higher levels of reproductive stress 

correlate with lower reproductive success and fledgling survival rates (Bienzle et. al 1997, 

Lobato et. al 2005, Kilgas et. al 2006, Al-Murrani et al. 2007, Gustafsson et. al 1994). In taking a 

survivorship perspective, our findings would suggest that only the fittest birds survived the 

breeding season (Song et al. 2016, Paxton et al. 2017, Guindre-Parker and Rubenstein 2018). 

Parents often bear the costs of anthropogenic landscape change in order to supply for their 

young, and thus ensure their offsprings’ health (Kight and Swaddle 2007). 

For species besides song sparrows, the scatterplot depicts that higher levels of 

reproductive readiness predict impaired health; nonetheless these associations were non-

significant (Figure 9). These divergent trends posit that different dynamics are at play for song 

sparrows and the other three bird species in the sample. Breeding seasons are loosely defined, so 

even when attempting to standardize and account for different levels of reproduction, the z-score 

reproductive readiness index may not holistically capture varying levels of sexual activity. It may 

be that song sparrows were the only species that had finished their reproductive cycle, while 

spotted towhees, Oregon juncos, and house finches had just begun brooding when the sampling 

period was conducted. The reproductive readiness index may not have a high enough granularity 

to distinguish these two life stages.  

  

Anthropogenic landscapes and avian reproduction 

  

Mixed-effects models revealed that high proportions of agriculture and high levels of 

reproductive readiness led to improved song sparrow health within the study system. Our results 

highlight that humans can provide critical resources to birds through agricultural landscapes in 

the form of foraging and habitat resources (Hardman et al. 2015, Mendenhall et al. 2013, 

Civantos et al. 2018). Although the models did not provide any information on species’ 

vulnerabilities to land use changes, we infer that song sparrows were the most resilient species in 

the sample given that their generalist nature would allow them to exploit a variety of resources, 

including those on farmland (Granholm 1990b). We expected sexual maturity to detrimentally 

impact bird health based on past research (Bienzle et. al 1997, Lobato et. al 2005, Kilgas et. al 

2006, Al-Murrani et al. 2007, Gustafsson et. al 1994), and yet song sparrows were in improved 

health at higher levels of reproductive readiness. In taking a life-history approach, this finding 
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implies that song sparrows were the only species that had completed their breeding period during 

our fieldwork. Thus we would have mostly sampled birds that survived the brooding and rearing 

life stages – these organisms would inherently be the most fit taxa (Song et al. 2016, Paxton et al. 

2017, Guindre-Parker and Rubenstein 2018). Within the study system, bird health was impacted 

both by landscape composition and life history traits, where reproduction was most the critical 

factor in accounting for changes in health.  

  

Limitations and future directions  

 

H:L ratio as a health metric 

  

Although the H:L ratio is the most commonly used health index in veterinary medicine, 

debate surrounds what the ratio exactly denotes. Does a higher H:L ratio indicate a bird is 

stressed and ill, or does it indicate that it requires fewer leukocytes to safeguard itself from 

infection (Davis et al. 2008)? Or does a high H:L ratio indicate the lack or presence of parasites 

(Davis et al. 2008)? Besides ambiguous interpretations, relative and absolute heterophil counts 

are affected by co-variables that are often not controlled nor accounted for such as: age, sex, 

environment, hormonal and cytokine status, disease, stress, and diet at the time of collection 

(Maxwell and Robertson 1998). Even when considering these limitations, the H:L ratio is still 

the most widely used metric to infer bird health and is still widely implemented in avian research 

(Carleton et al. 2012, Taves et al. 2017, Younjung et al. 2018). We took steps to control for co-

variables but it is not feasible to fully account for all the factors that may be affecting the H:L 

ratio. Other metrics of bird health could be implemented to circumvent the uncertainty 

surrounding the H:L ratio, such as determining at blood parasite loads via PCR (Valkiūnas et al. 

2008, Coker et al. 2017). In future studies, using genetic methods to infer bird health may result 

in higher-fidelity analyses but these methods come at higher costs. 

  

Sample characteristics and spatiotemporal replication 

  

The level of spatiotemporal replication, alongside the species represented, limit the level 

of generalizability of the study. We can only discuss trends for the four focal species, restricted 
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to the study region in the Central Coast of California. Bird-landscape studies tend to implement 

larger spatial scales, often comprising over 40 sampled plots or 1000 km2 of land (c.f. Moreira et 

al. 2005, Laurance et al. 2013, Dayananda et al. 2016). Our sample represented 13 farms no 

larger than 9 km2. Furthermore, the Central Coast of California’s cultural and environmental 

history, with Native American fire regimes and food-borne pathogen outbreaks, may lead to site-

specific trends between bird health and landscape composition (Gifford-Gonzalez et al. 2013, 

Cuthrell 2013, Karp et al. 2015a, b). Further site sampling within the Central Coast would allow 

for more cogent discussions on the large-scale trends of bird health on agricultural lands in the 

region. It may also be useful to sample over larger spans of time, both during and outside the 

summer growing season. This wider sampling period would not only allow for more data to be 

modeled, but could also more rigorously account for differences in the reproductive cycles of 

species; our data was collected over the span of two months. Limitations in spatiotemporal 

reproducibility and the nature of the H:L ratio require caution when discussing larger agricultural 

trends but also foment further research on bird-agriculture interactions. 

 

Broader implications 

  

The Central Coast of California is facing rapid agricultural change that must be 

quantified to assess its impacts on wildlife (Wild Farm Alliance 2016). Within this study, bird 

health was marginally impacted by landscape quality in an unexpected fashion. Higher 

proportions of agriculture resulted in better “quality” landscapes in terms of improved bird health 

for one species, song sparrows. Conversely, reproductive readiness most strongly drove bird 

health, where higher levels of readiness were associated with improved health for song sparrows. 

Our preliminary findings suggest that agriculturalists may be providing foraging and habitat 

resources to song sparrow communities, linked to marginally improved health for this species 

(Moreira et al. 2005, Civantos et al. 2018). This finding is not to ignore the deleterious impacts 

humans have had on their surroundings, such as rapid deforestation and pollution of the 

biosphere. Nonetheless, our work encourages us to more critically assess and describe humans’ 

impacts on their surroundings. Instead of demonizing birds or agriculturalists, our results propose 

that we need to recognize humans as a keystone species in agricultural landscapes. We must 

redefine the role of farmers in agricultural spaces as wildlife stewards. We also need to provide 
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incentives for farmers to create multi-use spaces that both provide critical resources for birds and 

maintain productivity. Thresholds for particular crops or land cover types may be a tactic to 

foment multi-use landscapes. (Jerrentrup et al. 2017). Similarly, it may be necessary to provide 

additional safeguards for birds at the peak of their reproductive cycle, for instance moving 

mowing and pesticide application dates, but further research is required to substantiate such 

policy prescriptions (Grice et al. 2004). A larger sample size, other bird species, and additional 

metrics of bird health should be considered to ascertain at a larger spatiotemporal scale how 

agricultural land use changes in the Central Coast are impacting avian community health. 

Farmers are not destined to desecrate the environment – they should be supported in becoming 

active ecosystem managers that improve landscape heterogeneity and avian health.  

 

ACKNOWLEDGEMENTS 

 

Dr. Claire Kremen took me as her honors thesis student without having ever met me prior 

and has been integral to my success. She provided me with the opportunity to conduct fieldwork 

for the first time in my life, further hone in on my biostatistics skills, and present my findings 

within the lab group. I am extremely grateful for her guidance during the entire project, 

culminating with the publication of my thesis in the Berkeley Scientific Journal as the sole 

author. Dr. Daniel Karp secured the mist-netting permits for the project, as he is a federally-

certified Master Bander (Permit #24033) and received  Institutional Animal Care and Use 

Committee (IACUC) certification for the project (Protocol #19354). Dr. Elissa Olimpi instructed 

me in basic bird mist-netting and allowed me to access the larger study system; I am grateful for 

the farms that allowed us to conduct research on their property. DeLayni Millar and Hallie Daly 

from UC Davis were instrumental during the field season, collecting some of the data for this 

work. Karina Garcia, Ph.D. candidate at the University of Kentucky, and Eavy Barbieux from 

UC Berkeley contributed to the farm digitizations. Ruta Bandivadeka from the Tell Lab at UC 

Davis supported my initial Giemsa-Wright staining by inviting me to come into the lab and 

discuss my first white blood cell identification attempts. Chris Hoover, Ph.D. candidate in UC 

Berkeley’s School of Public Health, and D-Lab consultant helped in creating my models. I am 

extremely grateful for our monthly meetings over the past year, where we discussed and fine-

tuned my model outputs and graphical representations.  



Victoria M. Glynn                               Bird Health Central Coast Land Use Life History                            Spring 2019  

23 

Dr. Patina Mendez has been dedicated to both my personal and academic success, 

meeting with me endlessly to discuss my project’s progress and providing me with opportunities 

to showcase my research and blossom as a womxn in STEM. Dr. Raissa Estrela began as my 

graduate student mentor but has now become the sister I never had. I am extremely grateful for 

her constant support inside and outside lab and for allowing me to be there during the last years 

of her doctoral degree, publishing a paper together. My family’s continual love and emotional 

support has allowed me to persevere. My mother for her compassion and in being my best friend. 

Thank you for being there for me when I became ill after the field season, in spending countless 

hours with me practicing my thesis presentations, and for being an inspiration in everything I do; 

you are my ultimate role model. My younger brother for believing in me when I did not and 

allowing for us to grow together while living together in Berkeley this past year. My writing and 

clarity of ideas was greatly improved through my writing peer group: Maddie Zuercher, Chellam 

Nayar, and Christopher Orner. Lastly, I would like to thank the College of Natural Resources for 

providing funds for my research via the Sponsored Projects for Undergraduate Research (SPUR) 

and CNR travel grants.  

 

REFERENCES 
 

Al-Murrani, W. K.,  I. K. Al-Rawi, and N. M. Raof. 2002. Genetic resistance to Salmonella 
         typhimurium in two lines of chickens selected as resistant and sensitive on the basis 

of heterophil/lymphocyte ratio. British Poultry Science 43:501–507. 
 

Atkinson, C. T. 1991. Hemosporidiosis. Pages 193-200 in M. Friend and J. C. Franson, editors.  
Field manual of wildlife diseases: general field procedures and diseases of birds. 
Biological Resources Division Information and Technology Report 1999–001. U.S. 
Geological Survey. Washington, D.C., USA.  

 
Audubon. 2019. House finch - Haemorhous mexicanus. National Audubon Society.  
 https://www.audubon.org/field-guide/bird/house-finch 

 
Bartlett, C. M. 2008. Filarioid nematodes. Pages 439-462 in C. T. Atkinson, N. J. Thomas, and  

D. B. Hunter, editors. Parasitic diseases of wild birds. John Wiley & Sons, Inc., Ames,  
Iowa, USA.  
 

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-effects models 
         using lme4. Journal of Statistical Software 67:1–48.  
 
Bienzle, D., J. A. Pare, and D. A. Smith. 1997. Leukocyte changes in diseased non-domestic 

https://www.audubon.org/field-guide/bird/house-finch


Victoria M. Glynn                               Bird Health Central Coast Land Use Life History                            Spring 2019  

24 

birds. Veterinary Clinical Pathology 26:76-84. 
 

Bihn, E. and R. Gravani. 2006. Role of good agricultural practices in fruit and vegetable  
 Safety. Pages 21-53 in K. Matthews and M. Doyle, editors. Microbiology of Fresh  
 Produce. ASM Press, Washington, D.C., USA.   
 
Brady, M. J., C. A. McAlpine, H. P. Possingham, C. J. Miller, and G. S. Baxter. 2011. Matrix is  

important for mammals in landscapes with small amounts of native forest habitat. 
Landscape Ecology 26:617–628. 

 
Buskirk, J. V. 2012. Permeability of the landscape matrix between amphibian breeding sites.  
 Ecology and Evolution 2:3160–3167. 
 
Carleton, R. E., J. W. Mertins, and M. J. Yabsley. 2012. Parasites and pathogens of eastern  

bluebirds (Sialia sialis): A field survey of a population nesting within a  
grass-dominated agricultural habitat in Georgia, U.S.A., with a review of previous  
records. Comparative Parasitology:30. 

 
Ciesla, B. 2007. Hematology in practice. F.A. Davis Company, Philadelphia, Pennsylvania, 
         United States. 
 
Civantos, E., A. T. Monteiro, J. Gonçalves, B. Marcos, P. Alves, and J. P. Honrado. 2018.  

Patterns of landscape seasonality influence passerine diversity: implications for  
conservation management under global change. Ecological Complexity 36:117–125. 
 

Clark, L., and J. Hall. 2006. Avian influenza in wild birds: status as reservoirs, and risks to  
 humans and agriculture. Ornithological Monographs:3–29. 
 
Coker, S. M., S. M. Hernandez, W. M. Kistler, S. E. Curry, C. N. Welch, H. W. Barron, S.  

Harsch, M. H. Murray, and M. J. Yabsley. 2017. Diversity and prevalence of  
hemoparasites of wading birds in southern Florida, USA. International Journal for  
Parasitology: Parasites and Wildlife 6:220–225. 

 
Cuthrell, R. Q. 2013. Archaeobotanical evidence for indigenous burning practices and  
 foodways at CA-SMA-113. California Archaeology 5:265–290. 
 
Davis, A. K., D. L. Maney, and J. C. Maerz. 2008. The use of leukocyte profiles to  

measure stress in vertebrates: a review for ecologists. Functional ecology  
22:760–772. 
 

Dayananda, S. K., E. Goodale, M. Lee, J.-J. Liu, C. Mammides, R.-C. Quan, J.  
W. F. Slik, R. Sreekar, K. W. Tomlinson, and M. Yasuda. 2016. Effects of forest 
fragmentation on nocturnal Asian birds: A case study from Xishuangbanna, China. 
Zoological Research 37:151-158. 

 



Victoria M. Glynn                               Bird Health Central Coast Land Use Life History                            Spring 2019  

25 

Dobkin, D. 1990. SPOTTED TOWHEE (Pipilo maculatus). Page B483 in D.C. Zeiner, W. F.  
 Laudenslayer Jr., K.E. Mayer, and M. White, editors. California's Wildlife. State of  
 California Department of Fish and Game, Sacramento, California, USA. 
 
Donald, P. F., F. J. Sanderson, I. J. Burfield, and F. P. J. van Bommel. 2006. Further evidence of  
 continent-wide impacts of agricultural intensification on European farmland birds,  

1990–2000. Agriculture, Ecosystems & Environment 116:189–196. 
 
Eberhard, M. L. and P. J. Lammie. 1991. Laboratory diagnosis of filariasis. Clinics in Laboratory 

 Medicine 11:977-1010. 
 

ESRI. 2018. ArcGIS Desktop and Spatial Analyst Extension: Release 10.6. Environmental 
Systems Research Institute, Redlands, California, USA. 

 
Fahrig, L. 2001. How much habitat is enough? Biological Conservation 100:65–74. 
 
Gifford-Gonzalez, D., C. M. Boone, and R. E. Reid. 2013. The fauna from Quiroste: Insights  
 into indigenous foodways, culture, and land modification. California Archaeology  
 5:291–317. 
 
Godfrey, R. D., Jr., A. M. Fedynich, and D. B. Pence. 1987. Quantification of hematozoa in  

blood smears. Journal of Wildlife Diseases 23:558-565. 
 

Google Maps. “USDA Bird Study Sites.” Google Imagery 2018, Terra Metrics 2018. Accessed 
November 22, 2018. 
 

Granholm, S. 1990a. HOUSE FINCH (Haemorhous mexicanus). Page B538 in D.C. Zeiner, W.  
F. Laudenslayer Jr., K.E. Mayer, and M. White, editors. California's Wildlife. State of  
California Department of Fish and Game, Sacramento, California, USA. 
 

Granholm, S. 1990b. SONG SPARROW (Melospiza melodia). Page B505 in D.C. Zeiner, W. F. 
Laudenslayer Jr., K.E. Mayer, and M. White, editors. California's Wildlife. State of 
California Department of Fish and Game, Sacramento, California, USA. 
 

Green, M. 1990. DARK-EYED JUNCO (Junco hyemalis). Page B512 in D.C. Zeiner, W. F. 
Laudenslayer Jr., K.E. Mayer, and M. White, editors. California's Wildlife. State of 
California Department of Fish and Game, Sacramento, California, USA. 
 

Grice, P., A. Evans, J. Osmond, and R. Brand-Hardy. 2004. Science into policy: the role of  
research in the development of a recovery plan for farmland birds in England. Ibis  
146:239–249. 
 

Gronesova, P., M. Ficova, A. Mizakova, P. Kabat, A. Trnka, and T. Betakova. 2008. Prevalence  
 of avian influenza viruses, Borrelia garinii , Mycobacterium avium , and Mycobacterium  
 avium subsp. paratuberculosis in waterfowl and terrestrial birds in Slovakia, 2006. Avian  
 Pathology 37:537–543. 



Victoria M. Glynn                               Bird Health Central Coast Land Use Life History                            Spring 2019  

26 

Guindre-Parker, S., and D. R. Rubenstein. 2018. No short-term physiological costs of offspring  
care in a cooperatively breeding bird. Journal of Experimental Biology 221:1. 
 

Gustafsson, L., D. Nordling, M. S. Andersson, B. C. Sheldon, and G. Qvarnström. 1994.  
Infectious diseases, reproductive effort, and the costs of reproduction in birds.  
Philosophical Transactions of the Royal Society of London Series B 346:323–331. 
 

Hardman, C. J., D. P. G. Harrison, P. J. Shaw, T. D. Nevard, B. Hughes, S. G. Potts, and K. 
Norris. 2015. Supporting local diversity of habitats and species on farmland: a  
comparison of three wildlife-friendly schemes. Journal of Applied Ecology 53:170-180.  
 

Hallmann, C. A., M. Sorg, E. Jongejans, H. Siepel, N. Hofland, H. Schwan, W. Stenmans, A.  
Müller, H. Sumser, T. Hörren, D. Goulson, and H. de Kroon. 2017. More than 75 percent  
decline over 27 years in total flying insect biomass in protected areas. PLoS ONE  
12:e0185809. 
 

Hawkey, C.M., M.G. Hart, and H.J. Samour. 1985. Normal and clinical haematology of greater  
and lesser flamingos (Phoenicopterus roseus and Phoeniconaias minor). Avian  
Pathology 14: 537–541. 
 

Häkkilä, M., E. L. Tortorec, L. Brotons, A. Rajasärkkä, R. Tornberg, and M. Mönkkönen. 2017.  
 Degradation in landscape matrix has diverse impacts on diversity in protected areas.  
 PLoS ONE 12:e0184792. 
 
Hlavac, M. 2015. Stargazer: well-formatted regression and summary statistics tables. R  

package version 1.3.5. Cambridge, USA: Harvard University. http://CRAN.R-
project.org/package=stargazer. 
 

Inger, R., R. Gregory, J. P. Duffy, I. Stott, P. Voříšek, and K. J. Gaston. 2015. Common 
         European birds are declining rapidly while less abundant species’ numbers are rising. 
         Ecology Letters 18:28–36. 
 
Jeliazkov, A., A. Mimet, R. Chargé, F. Jiguet, V. Devictor, and F. Chiron. 2016. Impacts of  

agricultural intensification on bird communities: New insights from a multi-level and  
multi-facet approach of biodiversity. Agriculture, Ecosystems and Environment  
216:9–22. 

 
Jerrentrup, J. S., J. Dauber, M. W. Strohbach, S. Mecke, A. Mitschke, J. Ludwig, and S.  

Klimek. 2017. Impact of recent changes in agricultural land use on farmland bird  
trends. Agriculture, Ecosystems and Environment 239:334–341. 
 

Kight, C. R., and J. P. Swaddle. 2007. Associations of anthropogenic activity and disturbance  
with fitness metrics of eastern bluebirds (Sialia sialis). Biological Conservation 
138:189–197. 
 

Kilgas, P., V. Tilgar, and R. Mänd. 2006. Hematological health state indices predict local 

http://cran.r-project.org/package=stargazer
http://cran.r-project.org/package=stargazer
http://cran.r-project.org/package=stargazer


Victoria M. Glynn                               Bird Health Central Coast Land Use Life History                            Spring 2019  

27 

survival in a small passerine bird, the great tit (Parus major). Physiological and 
Biochemical Zoology 79:565–572. 

 
Koh, L. P. 2008. Birds defend oil palms from herbivorous insects. Ecological Applications  

18:821–825.  
 
Laurance, S. G. W., D. Jones, D. Westcott, A. Mckeown, G. Harrington, and D. W. Hilbert.  
 2013. Habitat fragmentation and ecological traits influence the prevalence of avian  
 blood parasites in a tropical rainforest landscape. PLoS ONE 8:e76227. 

 
Lindenmayer, D., R. J. Hobbs, R. Montague‐Drake, J. Alexandra, A. Bennett, M. Burgman, P.  

Cale, A. Calhoun, V. Cramer, P. Cullen, D. Driscoll, L. Fahrig, J. Fischer, J. Franklin, Y.  
 Haila, M. Hunter, P. Gibbons, S. Lake, G. Luck, C. MacGregor, S. McIntyre, R. M.  
 Nally, A. Manning, J. Miller, H. Mooney, R. Noss, H. Possingham, D. Saunders, F.  
 Schmiegelow, M. Scott, D. Simberloff, T. Sisk, G. Tabor, B. Walker, J. Wiens, J.  
 Woinarski, and E. Zavaleta. 2008. A checklist for ecological management of landscapes  
 for conservation. Ecology Letters 11:78–91. 
 
Lobato, E., J. Moreno, S. Merino, J. J. Sanz, and E. Arriero. 2005. Hematological variables  

are good predictors of recruitment in nestling pied flycatchers (Ficedula hypoleuca).  
Ecoscience 12:27–34. 

 
Maas, B., Y. Clough, and T. Tscharntke. 2013. Bats and birds increase crop yield in tropical 

 agroforestry landscapes. Ecology Letters 16:1480–1487. 
 

Marzluff, J., B. Clucas, M. Oleyar, and J. DeLap. 2016. The causal response of avian  
communities to suburban development: a quasi-experimental, longitudinal study. Urban 
Ecosystems 19:1597. 
 

Maxwell, M.H. and G. W. Robertson. 1998. The avian heterophil leucocyte: a review. World’s  
Poultry Science Journal 54:155–169. 
 

Mendenhall, C. D., H. M. Archer, F. O. Brenes, C. H. Sekercioglu, and R. N. M.  Sehgal. 2013. 
Balancing biodiversity with agriculture: land sharing mitigates avian malaria prevalence. 
Conservation Letters 6:125–131. 
 

 Moreira, Francisco, M. J. Pinto, I. Henriques, and A. Marques. 2005. The importance of  
low-intensity farming systems for fauna, flora and habitats protected under the  
European birds and habitats directives: Is agriculture essential for preserving  
biodiversity in the Mediterranean region? Pages 117-145 in A. R. Burk, editor.  
Trends in Biodiversity Research, Nova Science Publishers, Inc., Hauppauge, New  
York, USA.   
 

Morishita, T. Y., E. C. Ley, and B.S. Harr. 1999. Survey of pathogens and blood  
 parasites in free-living passerines. Avian Diseases 43:549-552. 
 



Victoria M. Glynn                               Bird Health Central Coast Land Use Life History                            Spring 2019  

28 

Ormerod, S. J., and A. R. Watkinson. 2000. Editors’ introduction: birds and agriculture. Journal  
 of Applied Ecology 37:699–705. 
 
Owen, J. C. 2011. Collecting, processing, and storing avian blood: a review. Journal of Field  

Ornithology 82:339–354. 
 

Park, S., S. Navratil, A. Gregory, A. Bauer, I. Srinath, M. Jun, B. Szonyi, K. Nightingale, J.  
Anciso, and R. Ivanek. 2013. Generic Escherichia coli contamination of spinach at the 
preharvest stage: effects of farm management and environmental factors. Applied and 
Environmental Microbiology 79:4347– 4358. 
 

Paxton, E. H., S. L. Durst, M. K. Sogge, T. J. Koronkiewicz, and K. L. Paxton. 2017.  
Survivorship across the annual cycle of a migratory passerine, the willow flycatcher.  
Journal of Avian Biology 48:1126. 
 

Perfecto, I., and J. Vandermeer. 2010. The agroecological matrix as alternative to the  
land-sparing/agriculture intensification model. Proceedings of the National 
Academy of Sciences 107:5786–5791. 

 
Pyle, P. 1997. Identification guide to North American birds, part I: Columbidae to Ploceidae.  

State Creek Press, Point Reyes, California, United States. 
 

R Core Team. 2018. R: A language and environment for statistical computing. R package   
  version 1.3.5. R Foundation for Statistical Computing, Vienna, Austria.  

http://www.R- project.org/. 
 

Railsback, S. F., and M. D. Johnson. 2014. Effects of land use on bird populations and pest  
control services on coffee farms. Proceedings of the National Academy of Sciences  
111:6109–6114. 
 

Ralph, C. J., E. H. Dunn, W. J. Peach, and C. M. Handel. 2004. Recommendations for the 
use of mist nets for inventory and monitoring of bird populations. Studies in Avian 
Biology 29:187-196.  
 

Sleeter, B. M., T. S. Wilson, C. E. Soulard, and J. Liu. 2011. Estimation of late twentieth century 
 land-cover change in California. Environmental Monitoring and Assessment  
173:251–266. 
 

Song, Z., Y. Lou, Y. Hu, Q. Deng, W. Gao, and K. Zhang. 2016. Local resource competition  
affects sex allocation in a bird: experimental evidence. Animal Behaviour 121:157–162. 
 

Swetnam, D., S. G. Widen, T. G. Wood, M. Reyna, L. Wilkerson, M. Debboun, D. A. Symonds,  
 D. G. Mead, B. J. Beaty, H. Guzman, R. B. Tesh, and A. D. T. Barrett. 2018. Terrestrial  
 Bird Migration and West Nile virus Circulation, United States. Emerging Infectious  
 Diseases 24:2184–2194. 
Taves, M. D., J. E. Hamden, and K. K. Soma. 2017. Review article: Local glucocorticoid  

http://www.r-project.org/


Victoria M. Glynn                               Bird Health Central Coast Land Use Life History                            Spring 2019  

29 

production in lymphoid organs of mice and birds: functions in lymphocyte  
development. Hormones and Behavior 88:4–14. 

 
United States Department of Agriculture Farm Service Agency. n.d. NAIP imagery. 

https://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-pro 
grams/naip-imagery/index.  Accessed 08/20/18. 
 

United States Geological Survey. 2018. Summaries of banding and encounter data.  
United States Department of the Interior.  
https://www.pwrc.usgs.gov/BBL/homepage/start.cfm. 
 

Valera, F., H. Hoi, and A. KrištÍn. 2006. Parasite pressure and its effects on blood parameters in  
a stable and dense population of the endangered lesser grey shrike. Biodiversity & 
Conservation 15:2187–2195. 
 

Valkiūnas, G. 1997. Bird haemosporida. Acta Zoologica Lituanica 3:1-607.  
 
Valkiūnas, G., T. A. Iezhova, A. Križanauskienė, V. Palinauskas, R. N. M. Sehgal, and S.  

Bensch. 2008. A comparative analysis of microscopy and PCR-based betection  
methods for blood parasites. Journal of Parasitology 94:1395–1401.  
 

Westerlund, F., D. Gubler, J. Duniway, S. Fennimore, F. Zalom, B. Westerdahl, and K. Larson.  
2000. Pest management evaluation for strawberries in California. Pest Management 
Evaluation PMA Grant No. 99-0195. California Department of Pesticide Regulation. 
Watsonville, California, USA.  
 

Wetzel, A. N. and J. T. LeJeune. 2006. Clonal dissemination of Escherichia coli O157:H7  
subtypes among dairy farms in northeast Ohio. Applied and Environmental Microbiology 
72:2621-2626. 
 

Wickham, H. 2016. ggplot2: elegant graphics for data analysis. R package version 1.3.5. 
Springer-Verlag, New York, New York, United States.  
 

Wild Farm Alliance. 2016. Co-managing farm stewardship with food safety GAPs and  
 conservation practices: A grower’s and conservationist’s handbook. Handbook. Wild  

Farm Alliance, Watsonville, California, USA. 
 
Younjung, K., P. K. Biswas, M. Giasuddin, M. Hasan, R. Mahmud, S. Essen, M. A. Samad, N.  

S. Lewis, I. H. Brown, N. Moyen, M. A. Hoque, N. C. Debnath, D. U. Pfeiffer, G. 
Fournié, Y. Kim, and Y.-M. Chang. 2018. Prevalence of avian influenza A(H5) and 
A(H9) viruses in live bird markets, Bangladesh. 2018. Emerging Infectious Diseases  
24:2309–2316. 
 

Zeileis, A. and T. Hothorn. 2002. Diagnostic checking in regression relationships. R News  
2:7-10.  

  

https://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-programs/naip-imagery/index
https://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-programs/naip-imagery/index
https://www.pwrc.usgs.gov/BBL/homepage/start.cfm


Victoria M. Glynn                               Bird Health Central Coast Land Use Life History                            Spring 2019  

30 

APPENDIX A: Normalizing the H:L Ratio  

 

 
 

Figure A1. QQ-plot testing for the H:L ratio’s normal distribution. Note that the ratio has an extremely curved 
distribution, greatly deviating from the red-lined boundary demarcating a normal spread.  
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Figure A2. QQ-plot testing for the log transformed H:L ratio.’s normal distribution Notice that this plot is 
more normally distributed than the plot with the raw H:L ratios (Figure A1) as the transformed ratio now lies 
between the red-lined boundaries demarcating a normal spread.   
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APPENDIX B: Bird Age and Sex Demographics 

 
Table B1. Bird age distribution by farm. Each bird was assigned an age based on the following categories: after 
hatch year (AHY), after second year (ASY), hatch year (HY), and second year (SY). Birds that could not be aged 
were given the code N/A.  
 

 Age 
Farm AHY ASY HY SY N/A 

1 4 0 8 0 0 

2 4 0 5 1 0 

3 14 0 4 1 0 

4 13 0 0 0 0 

5 12 1 5 4 1 

6 8 1 18 0 0 

7 14 0 2 0 0 

8 9 2 7 0 0 

9 2 0 3 0 0 

10 4 0 0 0 0 

11 11 0 12 0 0 

12 4 0 10 1 0 

13 15 0 0 0 0 

Total 114 4 74 7 1 
 

Table B2. Bird sex distribution by farm. Birds were categorized as either being male or female. There was a large 
proportion of birds that could not be sexed (denoted as N/A) due to their immature sexual organs.  
 

 Sex 
Farm Female Male N/A 

1 1 3 8 

2 1 4 5 

3 8 7 4 

4 2 7 4 

5 6 11 6 

6 3 6 18 

7 5 8 3 

8 3 8 7 

9 1 1 3 

10 1 3 0 
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11 4 7 12 

12 2 3 10 

13 7 8 0 

Total 44 76 80 
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APPENDIX C: Reproductive Readiness Across Bird Species 

 

 

 
 

Figure C1. Differences in reproductive readiness between bird species. Each bird species is shown in its own 
color, referred to by its bird banding alpha code (United States Geological Survey 2018).  
 


