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ABSTRACT 

THE EFFECTS OF FOREST DEGRADATION ON DNA METHYLATION IN 

CENTRAL AFRICAN SONGBIRDS 

 

Andrew Kendall Wiegardt 

 

Environmentally-induced stress can initiate a molecular response through DNA 

methylation, which can alter gene expression, thereby serving as a mechanism allowing 

individuals to acclimate to a changing environment within their lifetime. In addition to 

DNA methylation, the production and release of corticosterone is a physiological 

mechanism by which birds can cope with acute environmental stressors. To assess how 

environmental stress impacted DNA methylation and corticosterone, I collected blood 

and feather samples from three understory avian species (Alethe castanea, Bleda notatus 

and Pseudalethe poliocephala), along a disturbance gradient in the lowland Guinean 

rainforest adjacent to the village of Oyala, Equatorial Guinea. I used two binomial mixed-

effect models for each species to identify gene loci that were differentially methylated 

with respect to the amount of corticosterone deposited in a tail feather and distance to 

forest edge when captured. I identified 195, 126 and 246 sites differentially methylated 

by feather CORT and 296, 166 and 254 sites differentially methylated by distance to 

forest edge for Alethe castanea, Bleda notatus and Pseudalethe poliocephala, 

respectively. I also found a significant negative relationship between feather CORT and 

overall feather brightness indicating there may be trade-offs between coping with 
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environmental stressors and fitness. I found substantial variation in CORT and DNA 

methylation along the disturbance gradient, suggesting that environmentally-induced 

molecular and endocrinological responses are prevalent in degraded tropical forests.  
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INTRODUCTION 

Environmental stressors, including biotic factors such as limited food availability, 

the presence of predators, infection with pathogenic organisms, or interactions with 

conspecifics, as well as abiotic factors such as temperature, water availability, and 

toxicants (Schulte 2014), can trigger a molecular response in organisms through 

epigenetic changes that can alter gene expression and potentially individual fitness (Bird 

2007). Epigenetic changes can be adaptive by facilitating a rapid adaptation to a changing 

environment (Baerwald et al. 2016, Rubenstein et al. 2016) but can also result in 

maladaptive changes that negatively affect fitness (Le Luyer et al. 2017). Interestingly, at 

least some epigenetic changes may be heritable, influencing gene expression in 

subsequent generations (Berger et al. 2009). DNA methylation is one of the most studied 

epigenetic changes and occurs when an environmental stimulus causes a methyl-group to 

attach to a cytosine base that is followed by a guanine base, termed CpG (Bird 2007). 

Dense CpG sites are often grouped near genomic regions associated with gene regulation. 

Methylation of CpG sites can result in promotion, reduction, or silencing of gene 

expression (Bird 2007). DNA methylation has been shown to facilitate acclimation to a 

variety of environmental stressors (Baerwald et al. 2016, Lea et al. 2016, Rubenstein et 

al. 2016). For example, prebreeding rainfall was strongly related to nestling DNA 

methylation in Lamprotornis superbus (Superb Starlings) with lower DNA methylation 

of the glucocorticoid receptor gene in poorer-quality years with a drier prebreeding 

season (Rubenstein et al. 2016). The glucocorticoid receptor is the receptor to which 
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corticosterone and other stress hormones bind and functions to regulate genes related to 

development, metabolism, and immune response (Rubenstein et al. 2016). DNA 

methylation played a critical role in an individual’s ability to acclimate to climatic 

variation in the East African savannah (Rubenstein et al. 2016). Le Luyer et al. (2017) 

found that the hatchery environment can cause drastically different DNA methylation 

compared to wild-reared Oncorhynchus kisutch (Coho Salmon), which may play a role in 

the reduction of fitness in hatchery-reared salmonids. Across diverse taxa, DNA 

methylation can aid in the rapid adaptation of organisms to changing environments 

(Verhulst et al. 2015, Weyrich et al. 2015), yet also can be associated with reductions in 

fitness (Le Luyer et al. 2017). As such, the degree to which an organism’s gene 

expression is altered via DNA methylation may affect its capacity to acclimate to human-

dominated landscapes, degraded habitats and a warming climate. 

One physiological mechanism that allows birds to cope with environmental 

stressors is the production and release of glucocorticoids, a group of steroid hormones. 

The release of glucocorticoids alters certain behaviors and physiological processes that 

enable birds to cope with environment stress, such as lack of resources or high densities 

of predators (Sapolsky et al. 2000). One of the most studied glucocorticoids is 

corticosterone (CORT), a hormone associated with the physiological stress response that 

is released from the avian hypothalamic-pituitary-adrenal (HPA) axis which can help 

birds cope, in the short-term, with acute environmental stressors (Wingfield and Kitaysky 

2002). However, chronically high levels of CORT are associated with negative 

physiological effects, such as reduced feather quality, leading to higher energetic costs of 
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flight and self-maintenance (Romero et al. 2005). Advances in endocrinological 

techniques allow quantification of CORT deposited in feathers, where the amount of 

feather CORT has been linked to environmental stress (Bortolotti et al. 2008, Fairhurst et 

al. 2011, Lattin et al. 2011).  

Feather brightness has been associated with fitness in several avian species 

(Keyser and Hill 2000), however the relationship between feather CORT and feather 

brightness remains unclear. For example, Kennedy et al. (2013) found no relationship 

between feather hue and feather CORT, but a strong negative relationship between 

feather CORT and feather brightness of the red wing bar on Agelaius phoeniceus (Red-

winged Blackbird). Contradictory to this finding, Fairhurst et al. (2014) found a strong 

relationship between feather CORT and the strength of carotenoid signals in adult male 

Acanthis flammea (Common Redpoll). The relationship between feather quality and 

feather CORT also appears unclear. Fairhurst et al. (2014) also found that the width of 

feather growth bars was positively correlated with feather CORT, but negatively 

correlated with the probability of having fault bars, indicating that Acanthis flammea with 

more CORT grew their feathers more quickly, which is typically associated with poorer 

quality feathers, but had less of likelihood of fault bars, typically associated with better 

quality feathers. Although a potentially powerful method of assessing history of stress, 

general patterns and relationships between feather CORT and CORT in blood and plasma 

are obscured due to variation among species as well as individuals (Fairhurst et al. 2013). 

Experimentally altering CORT levels can alter gene expression through DNA 
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methylation in Mus musculus (Laboratory Mouse, Lee et al. 2010), however this 

relationship has not been explored in wild birds. 

One of the most ubiquitous forms of environmental stress birds face within 

human-dominated landscapes is habitat fragmentation and degradation. Logging and 

forest fragmentation have been shown to decrease certain avian species’ abundance and 

productivity, but the molecular mechanisms associated with these changes has been 

relatively unstudied in tropical birds (Peh et al. 2006). Disturbed habitats often have more 

edges and less complex canopy structure relative to undisturbed primary forest leading to 

increased sunlight reaching the ground, which can result in understory desiccation during 

dry periods (Pohlman et al. 2007). This leads to variable microclimates and heightened 

primary productivity during wet periods and suppressed primary productivity during dry 

periods, which in turn produces unpredictable arthropod resources for forest bird 

communities in degraded forest (Kremen et al. 1993, Chazdon 2014, Peters et al. 2009). 

Disturbed areas often have higher densities of certain raptor species that prefer open 

canopies (Jullien and Thiollay 1996), which can cause birds residing in disturbed habitat 

to encounter chronic stressors throughout their lives compared to birds in undisturbed 

habitat (Lens et al. 1999). These chronic sources of disturbance affect bird diversity in 

dynamic ways and disproportionately harm those bird species most reliant on pristine 

forest habitats (Thiollay 1999). Nectivores, upper canopy frugivores, omnivores, and gap, 

edge and secondary growth specialists tend to increase after disturbance, whereas 

understory insectivores and mixed-species flock obligates are particularly vulnerable 

(Thiollay 1999, Powell et al. 2015, Wolfe et al. 2015a, Powell et al. 2016). Birds 
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sensitive to habitat degradation are well-represented in lowland Congolese forest 

throughout the central African country of Equatorial Guinea. Human population growth 

and rapid development drive habitat degradation in Equatorial Guinea. Vast expanses of 

pristine forest coupled with rapid development has created a disturbance gradient upon 

which lowland tropical birds are subjected to variation in environmental stress. 

The first main objective of this project was to determine whether forest birds were 

affected, at the molecular level, by logging and forest fragmentation, by identifying gene 

sites that were differentially methylated in relation to distance to forest edge and their 

potential functional roles. The second main objective was to determine whether DNA 

methylation in forest birds was related to feather CORT, by identifying gene sites that 

were differentially methylated in relation to feather CORT. To further assess how 

environmental stress influences forest birds, an additional objective was to determine 

whether feather CORT was related to overall feather brightness and growth bar width. 
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MATERIALS AND METHODS 

Field Methods 

To examine effects of forest degradation on stress and its relationship with DNA 

methylation in forest-dwelling birds, I used mist-nets to capture landbirds in primary and 

second growth forest adjacent to the village of Oyala, Equatorial Guinea. The study area 

was comprised of both upland and seasonally-inundated lowland Guinean rainforest. The 

primary forest has only had very light selective logging in the 1980s and the secondary 

forest was commercially logged approximately 2 decades ago and has been regularly 

selectively harvested since. Additionally, the secondary forest plot was much closer to the 

city center being constructed (Figure 1). Due to the fragmented nature of the secondary 

forest there were two disconnected sections of secondary forest (Figure 1). With the help 

of Biodiversity Initiative, I operated mist-nets for 6 hours beginning at sunrise. There 

were 8 banding stations in primary forest plot and 7 in the secondary. We operated each 

banding station once in January 2016 then again in March 2016, where each station was 

comprised of six 12x2.5m mist-nets. In December 2016 to January 2017 and January 

2018 we increased the number of mist-nets to 20 12x2.5m mist-nets for most stations 

where each station was run twice in successive days to maximize recaptures from 

previous banding attempts.  

  



7 

 

  

 
Figure 1. A map of the study area in Oyala, Equatorial Guinea in Central Africa, including net 

locations in primary forest (blue) and secondary forest (red), the Afro-American 

University of Central Africa and the roads surrounding (black), a large powerline that 

fragments the forest (gray) and the River Rio Benito (dark blue).  
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I chose three non-migratory study species that reside in both primary and 

secondary forest in Equatorial Guinea: Lesser Bristlebill (Bleda notatus), a generalist, 

and two understory insectivores, Fire-crested Alethe (Alethe castanea) and Brown-

chested Alethe (Pseudalethe poliocephala). All three species will facultatively forage at 

ant-swarms, which is a guild that has been shown to be particularly susceptible to forest 

degradation (Peters et al. 2008, Wolfe et al. 2015b), however Bleda notatus can switch to 

frugivory when arthropod food resources are not plentiful. To maximize the likelihood 

that blood and feather samples represent habitats within my study plot, I selected study 

individuals which were recaptured on the same plot more than 7 months after initial 

capture (Table 1). We banded each captured bird with a unique aluminum band and 

collected blood, feces and a tail feather (outer right retrix). We collected blood from the 

brachial vein using 26.5-gauge needles then transferred using capillary tubes to 1.5 ml 

centrifuge tubes with 0.6 ml of Longmire Buffer (Longmire et al. 1988) and stored at 

room temperature until samples could be exported back to the United States where 

samples were stored at -80°C until use. We collected feathers in acid-free paper 

envelopes and stored at room temperature. I conducted all research under IACUC 

17/18.W.06-A. 

Lab Methods 

DNA Methylation Library Preparation 

I constructed DNA methylation libraries using a reduced representation bisulfate 

sequencing (RRBS) approach that preferentially sequences cytosines within CpG islands, 
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which are often found in gene regulatory regions (Meissner et al. 2005). First, DNA was 

extracted from blood samples using a Qiagen DNeasy Blood and Tissue Kit (Qiagen Cat 

No. 69504) and quantified using Qubit 2.0 fluorometer (ThermoFisher Scientific). Then, 

I digested 600ng of genomic DNA with a BsaWI enzyme (NEB Cat No. R0567S), which 

preferentially cleaves at 5’-WCCGGW-3’ sites, where W denotes the nucleotide is an 

adenine or thymine. Given this cut site, BsaWI selects for these CpG islands, so whereas 

ultimately only ~2% of the genome was sequenced, it encompassed most methylated 

regions (Meissner et al. 2005). Enzyme digestion was verified using electrophoresis on 

2% agarose gel. After digesting with BsaWI, AMPure magnetic beads were used to select 

DNA fragments of 200-350 base pairs (bp) in length using a DNA-to-AMPure bead ratio 

of 1:0.55 first then a ratio of 1:0.16. Before the bisulfite conversion, I included Lambda 

DNA (NEB Cat No. N3011S) in each sample to estimate bisulfite conversion rate for 

each sample. I used the Qiagen Epitect bisulfite conversion kit (Qiagen Cat No. 59104) to 

convert all unmethylated cytosines to uracils. I then amplified DNA using PCR with an 

initial denature of 95°C for 30 seconds, 15 cycles of 95°C for 15 seconds, 61°C for 30 

seconds, and 68°C for 30 seconds, and a final extension period of and 68°C for 5 

minutes. A final double AMPure bead clean and 80% ethanol wash was used to further 

remove any additional DNA fragments larger than 350 bp. The DNA to AMPure bead 

ratios for both final bead cleans were 1:1 for the first selection and 1:0.9 for the second. I 

uniquely indexed each sample with a unique combination of basepairs, pooled and 

sequenced using an Illumina HiSeq 2500 at Princeton University. During sequencing the 
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unmethylated cytosine which were converted to uracil were sequenced as thymine, thus, 

any cytosine sequenced represented a methylated site.  

Sexing using PCR 

I used polymerase chain reaction (PCR) methodologies with P8 (5’-

CTCCCAAGGATGAGRAAYTG -3’) and P2 (5’-TCTGCATCGCTAAATCCTTT -3’) 

primers to determine sex of each bird from DNA extracted from blood samples following 

Jensen et al. (2003). I ran samples in a thermocycler with an initial denature period of 

95°C for 30 seconds, 35 cycles of 95°C for 30 seconds, 52°C for 60 seconds, and 72°C 

for 45 seconds, and a final extension period of and 72°C for 5 minutes. These primers 

cleave sections of DNA of different lengths on the Z and W chromosomes. The section of 

the Z chromosome that was cleaved by the primer was approximately 320 bp and the 

section of the W chromosome was approximately 400 bp. I then dyed subsequent DNA 

fragments and assessed them using electrophoresis on a 2% agarose gel for 75 minutes 

which resulted in two distinct bands at 320 bp and 400 bp for females and a single band 

at 320 bp for males. 

Corticosterone in Feathers 

Dr. Christopher Tonra quantified feather CORT at Ohio State University using a 

methanol-based extraction, modified from Bortolotti et al. (2008), and a commercial 

ELISA kit (Corticosterone ELISA kit; Neogen Corporation, Ayr, UK) as validated by 

Carbajal et al. (2014). The protocol involved mincing samples and incubating them 

overnight in a methanol shaking water bath. Extracts were separated from solids using 

vacuum filtration, evaporated under nitrogen gas, then reconstituted in Neogen extraction 
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buffer and run through ELISA kit procedures. Assay recovery was assessed by adding 

20μL of tritium-labeled CORT in each sample and using a scintillation counter, with a 

mean recovery rate was 0.93.  Intra-assay variation based on duplicate samples was 3.5%, 

and inter-assay variation (n = 2) based on in-house standards was 6%. 

Spectrometry and Ptilochronology 

I used an Ocean Optics S2000 spectrometer, a PX-2 xenon pulse lamp, and a 

fiber-optic probe (Ocean Optics, Dunedin, Florida) to assess feather brightness across the 

wavelengths 320-700 nm, following Zirpoli et al. (2013). Rectrices were frozen for 48 

hours to remove mites, thawed and completely dried before conducting spectrometry.  I 

placed feathers on black paperboard and positioned the fiber-optic probe 90° to the 

feather and measured reflectance at 6 equidistant points between the dark bars on the 

outer vane (Zirpoli et al. 2013). I used program R (R Core Team 2018, version 3.4.3) and 

library pavo (Maia et al. 2017, version 1.3.1) to calculate feather brightness as the total 

amount of light reflected, relative to a white standard across the wavelengths 320-700nm. 

I conducted ptilochronology following Grubb (1989), where each feather was 

placed on a Styrofoam board and light and dark growth bars were measured using 

calipers and small continental pins. I calculated standard deviation (mm) of growth bars 

(both the light and dark bars) to assess the relationship between variation in growth bars 

and feather CORT.  



12 

 

  

Analytical Methods 

DNA Methylation 

I aligned my DNA sequences from RRBS, to the Taeniopygia guttata genome 

(Zebra Finch, version 3.2.4) using BS-Seeker (Chen et al. 2010) with a mismatch setting 

of six to account for the distant relationship between my study species and Taeniopygia 

guttata. Then I determined the total count of methylated cytosines and the total number 

of reads at each locus sequenced. Loci with less than 10 reads were removed from the 

model. I used DNA sequences data from the RRBS to generate pairwise kinship 

coefficients for each individual of each species, using the software package samtools (Li 

et al. 2009, version 1.7) and the R package GENESIS (Conomos et al. 2018, version 

2.8.1). Specifically, I used samtools to call single nucleotide polymorphs from the 

sequencing data and convert the sequencing data into variant call format. Then I used 

GENESIS to run a principal components analysis of related samples to ordinate my single 

nucleotide polymorphs and used the first two principle components to generate the 

pairwise kinship coefficients. I compiled the pairwise kinship coefficients into a genetic 

relatedness matrix, which I included in the model to address the confounding issue that 

DNA methylation may be more similar between closely related individuals.  

To assess differential DNA methylation associated with residing in disturbed 

forest compared to primary forest, I created two binomial mixed-effect models, for each 

species, using program R (R Core Team 2018, version 3.4.3) and the package MACAU2 

(Lea et al. 2015, version 1.10). The two binomial mixed-effect models examined 
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differential methylation relative to feather CORT (pg/mm) and distance to edge (log-

natural meters). Count of methylated reads was used as the response variable and a 

random-effect of the genetic relatedness matrix as well as read coverage for each site, 

sex, and conversion rate were used as a predictor variables. Significantly differentially 

methylated sites were determined when β-hat 95% confidence interval (CI) did not 

encompass zero. I ran the RRBS in 3 separate batches, which could lead to differential 

conversion rates, but after examining model output I decided to remove batch to improve 

model convergence, since there was little variation attributed to batch effects (Figure 2).  
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Figure 2. A PCA of related samples created using R package GENESIS (Conomos et al. 2018) 

with the first two principal components as the axes, with the banding station each bird 

was captured at colored by batch. Primary forest stations begin with P, secondary forest 

stations with S.  
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Once I determined significantly differentially methylated gene loci, I used the 

ENSEMBL BIOMART tool (Ensembl release 92) to download gene ontology terms for 

Taeniopygia guttata to define the functions of each of my differentially methylated gene 

loci. I examined the functions of my differentially methylated gene loci at three different 

levels to fully understand the role CORT and distance to edge play on DNA methylation. 

For the first and most fine-scale method, I used R (R Core Team 2018) and the libraries 

clusterProfiler (Yu et al. 2017, version 3.6.0), DOSE (Yu et al. 2017, version 3.4.0), 

GO.db (Carlson et al. 2018, version 3.5.0) and qdapRegex (Gray et al. 2017, version 

0.7.2) to attach gene ontology terms and summarized their frequencies. The next and 

most broad scale method was to classify the gene ontology terms into three domains: 

biological process, cellular component, molecular function. For the last method of 

determining function, I used the Kyoto Encyclopedia of Genes and Genomes to 

determine the pathways that my differentially methylated genes are involved in. 

Visualizations were created using Arcmap 10.5 (ESRI 2017) and R (R Core Team 2018, 

version 3.4.3) libraries ComplexHeatmap (Gu 2017, version 1.17.1) and Lattice (Sarkar 

2017, version 0.20-35). 

Spectrometry and Ptilochronology 

I created a single linear model to explore the relationship between feather CORT, 

brightness, and growth rate. Using the same 3 species and study individuals, I included 

feather CORT (pg/mm) as the response variable and species, total feather brightness, and 

the standard deviation of the growth bars as predictor variables. Residuals were examined 

following Faraway (2005) to test model assumptions. 
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RESULTS 

DNA Methylation 

The RRBS generated between 12369-124347 gene loci with more than 10 reads 

for each individual. The number of shared sites with greater than 10x coverage, was 5502 

for Alethe castanea (n = 9), 3441 for Bleda notatus (n = 12) and 6223 for Psuedalethe 

poliocephala (n = 7). My bisulfite-conversion was efficient with a mean conversion rate 

of 95.1%. Some of the gene loci did not converge in the models due to lack of variation 

in methylation with respect to either CORT or distance to edge (Table 1). Additionally, 

there were several loci that didn’t have annotated functions in the Taeniopygia guttata 

genome summarized in Table 1.   
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Table 1. Table summarizing the number of shared gene loci for Alethe castanea (n = 9), Bleda 

notatus (n = 12) and Psuedalethe poliocephala (n = 7), as well as the number of 

converged loci for two binomial mixed effect models, one with CORT (pg/mm) as the 

response and one with distance to edge (log natural meters) and the number of sites with 

annotated gene ontology functions from ENSEMBL genome browser.  

Species 

Shared 

sites 

Converged 

sites: 

CORT 

Converged 

sites: 

Distance to 

edge 

Annotated 

sites: 

CORT 

Annotated 

sites: 

Distance to 

edge 

Alethe castanea 5502 3510 3498 1432 1388 

Bleda notatus 3441 2594 2611 1032 1051 

Psuedalethe poliocephala 6223 2562 2609 1057 1070 
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Overall, I found that many more gene loci annotated in the biological process 

domain were significantly differentially methylated than loci annotated in the cellular 

component or molecular function domains (Table 2). I found more gene loci in the 

molecular function domain that were differentially methylated with respect to distance to 

edge than CORT. I found a much greater proportion of differentially methylated sites in 

the intron of the gene compared to the exon or promoter regions (Table 3). The eight 

most common phrases included in multiple gene ontology functions are summarized in 

Figure 3. I determined the gene ontology terms of the top 50 most extreme beta estimates 

of the significantly differentially methylated sites from each model and found 13 GO 

terms shared among all three species for the CORT model, 11 for the distance model, and 

9 in all three species in both models (Table 4).  
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Table 2. Number of significantly different shared gene loci, for each model, by gene ontology 

domain from ENSEMBL genome browser (Ensembl release 92). Model notation is the 

Latin name of each species and the predictor of interest (corticosterone and distance to 

edge). 

Model 

Biological 

Process 

Cellular 

Component 

Molecular 

Function 

Unknown 

A. castanea CORT 66 12 8 114 

A. castanea Distance to Edge 78 7 14 197 

B. notatus CORT 34 11 0 81 

B. notatus Distance to Edge 45 8 3 110 

P. poliocephala CORT 61 8 10 167 

P. poliocephala Distance to Edge 70 8 12 164 
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Table 3. Total number of shared gene loci, with significant number of gene loci in parentheses, in 

the intron, exon, and promoter regions, for each model, from ENSEMBL genome 

browser (Ensembl release 92). Model notation is the Latin name of each species and the 

predictor of interest (corticosterone and distance to edge). 

Model Exon Intron Promoter Unknown 

A. castanea CORT 1090 (82) 103 (6) 239 (11) 2078 (96) 

A. castanea Distance to Edge 1059 (89) 97 (9) 232 (24) 1560 (174) 

B. notatus CORT 799 (44) 57 (3) 176 (12) 1561 (67) 

B. notatus Distance to Edge 816 (58) 56 (2) 179 (12) 1560 (94) 

P. poliocephala CORT 783 (80) 78 (8) 196 (9) 1505 (149) 

P. poliocephala Distance to Edge 791 (82) 78 (9) 201 (15) 1539 (148) 
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Figure 3. The number of significant differentially methylated gene ontology terms of eight 

different biological phrases, for Alethe castanea (blue), Bleda notatus (red) and 

Psuedalethe poliocephala (green) and the two different independent variables of interest: 

CORT (dark colors) and distance to edge (light colors).    
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Table 4. The gene ontology terms with the most extreme betas that were significantly 

differentially methylated with respect to CORT, distance to edge or both, in all three 

study species (Alethe castanea, Bleda notatus, Psuedalethe poliocephala). Complete lists 

of significantly differentially methylated gene ontology terms for each species can be 

found in Appendix A.  

CORT Model Distance Model Both Models 

Cytoplasm ATP binding Cytoplasm 

Cytosol Cytoplasm Cytosol 

DNA binding Cytosol DNA binding 

Identical protein binding DNA binding Integral component  

of membrane 

Integral component of membrane Integral component of 

membrane Membrane 

Membrane Integral component of plasma 

membrane Nucleoplasm 

Nuclear speck Membrane Nucleus 

Nucleoplasm 

Nucleoplasm 

Regulation of 

transcription, DNA-

templated 

Nucleus 

Nucleus 

Sequence-specific 

DNA binding 

Regulation of transcription, 

DNA-templated 

Regulation of transcription, 

DNA-templated 

 

Sequence-specific DNA binding Sequence-specific DNA 

binding 

 

Transcription factor binding   

Transferase activity   
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For A. castanea, 195 of the 3510 converged gene loci were significantly 

differentially methylated with respect to CORT (Figure 4). Many of the gene loci are not 

involved in the 169 documented KEGG pathways documented for Taeniopygia guttata, 

but there were four of the significantly different loci function in the Adherens junction, 

basal transcription factors, oxidative-phosphorylation and ribosome pathways. 296 of the 

3496 converged gene loci were significantly differentially methylated with respect to log-

natural distance to edge (Figure 5) and 8 KEGG pathways were found to contain 9 

significantly differentially methylated loci: ABC transporters, basal transcription factors, 

glycerophospholipid metabolism, glycerolipid metabolism, non-homologous end-joining, 

peroxisome, ribosome and spliceosome pathways. Two of the loci were involved in the 

ribosome pathway.  
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Figure 4. A heat map summarizing the proportion of methylated sites that were significantly 

differentially methylated with respect to CORT for each individual of Alethe castanea. 

Feather CORT (pg/mm) are below each individual’s ID number. The rows are gene loci 

that have been clustered based on the how they are related to CORT. 
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Figure 5. A heat map summarizing the proportion of methylated sites that were significantly 

differentially methylated with respect to distance to edge, for each individual of Alethe 

castanea. Distance to edge(m) are below each individual’s ID number. The rows are gene 

loci that have been clustered based on the how they are related to distance to edge. 
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For B. notatus, 126 of the gene loci were significantly differentially methylated 

with respect to CORT (Figure 6). Eight of the significantly different loci were 

documented to function in the apoptosis, basal transcription factor, lysine degradation, 

RNA transport, ribosome and spliceosome pathways. Two of the significantly different 

loci were involved in the apoptosis and ribosome pathways. 166 gene loci were 

significantly differentially methylated with respect to log-natural distance to edge (Figure 

7) and three of those loci were involved in the apoptosis pathway, three in the RNA 

transport pathway, two in the MAPK signaling pathway, and one in the endocytosis 

pathway.  
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Figure 6. A heat map summarizing the proportion of methylated sites that were significantly 

differentially methylated with respect to feather CORT, for each individual of Bleda 

notatus. Feather CORT (pg/mm) are below each individual’s ID number. The rows are 

gene loci that have been clustered based on the how they are related to CORT.  
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Figure 7. A heat map summarizing the proportion of methylated sites that were significantly 

differentially methylated with respect to distance to edge, for each individual of Bleda 

notatus. Distance to edge (m) are below each individual’s ID number. The rows are gene 

loci that have been clustered based on the how they are related to distance to edge.  



29 

 

  

For P. poliocephala, 246 of the gene loci were significantly differentially 

methylated with respect to CORT (Figure 8). Nine of the significantly different loci 

function in the Adherens junction, animal autophagy, cellular senescence, ferroptosis, 

galactose metabolism, lysine degradation, purine metabolism and spliceosome pathways. 

254 were significantly differentially methylated with respect to log-natural distance to 

edge (Figure 9) and 8 KEGG pathways: adipocytokine signaling, animal autophagy, 

ferroptosis, galactose metabolism, neuroactive ligand-receptor interaction, purine 

metabolism, spliceosome, ubiquinone and other terpenoid-quinone biosynthesis. 
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Figure 8. A heat map summarizing the proportion of methylated sites that were significantly 

differentially methylated with respect to feather CORT, for each individual of 

Pseudalethe poliocephala. Feather CORT (pg/mm) are below each individual’s ID 

number. The rows are gene loci that have been clustered based on the how they are 

related to CORT.  
 



31 

 

  

 
Figure 9. A heat map summarizing the proportion of methylated sites that were significantly 

differentially methylated with respect to distance to edge, for each individual of 

Pseudalethe poliocephala. Distance to edge (m) are below each individual’s ID number. 

The rows are gene loci that have been clustered based on the how they are related to 

distance to edge.  
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Feather CORT, Spectrometry and Ptilochronology 

 Results from my linear model showed a negative relationship between feather 

CORT and the log natural overall brightness (β = -2.587, t = -2.263, 95% CI = -4.755, -

0.236, Figure 10), but the relationship between feather CORT and the standard deviation 

of the growth bars was not significant (β = 4.088, t = 1.058, 95% CI = -3.240, 12.074). 
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Figure 10. Plot of the relationship between feather CORT (pg/mm) and log natural feather 

brightness for three species of tropical forest birds Alethe castanea (red circles), Bleda 

notatus (blue triangles), and Psuedalethe poliocephala (green squares) with a linear 

regression line similarly colored. Linear regression equations are y= 26.75 -2.80x, y= 

30.31 -2.80x, and y= 28.47 -2.80x for the three species, respectively. 
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DISCUSSION 

DNA Methylation 

I found that birds living closer to the forest edge had significantly different 

methylated sites than those residing in the interior of the forest. For some bird species, 

the long-term effects of forest degradation and logging have been shown to reduce 

abundance and fitness, and alter avian community composition, movement patterns, and 

distributions (Thiollay 1999, Dale et al. 2000, Laurance et al. 2004), but my results 

provide novel insight into the mechanisms which allow individuals to acclimate to 

changing environments. My study individuals appeared to be affected by the disturbance 

in the secondary forest, likely through long-term changes in salient aspects of the tropical 

forest habitat: microclimate, soil moisture, plant community and food resources. Bleda 

notatus, the most generalist of my study species, appears to have the most uniform 

proportion of methylated sites across individuals, compared to the other two more 

specialized insectivorous species. This conclusion consistent with Peters and Okalo 

(2009), who found that the most specialized understory insectivores were most 

susceptible to population declines due to forest fragmentation, but more generalist species 

were less vulnerable in the African tropics. My results support the idea that DNA 

methylation and consequent differential gene expression is part of an adaptive response to 

acute environmental stressors. However, there is likely a threshold when environmental 
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stress becomes chronic and stress responses to degraded landscapes manifest as reduced 

fitness, leading to changes in avian assemblages in human-dominated landscapes.  

I found 5 KEGG pathways that contain gene loci, which were differentially 

methylated with respect to CORT, in two of the three study species: Adherens junction, 

basal transcription factors, lysine degradation, ribosome and spliceosome. These 

pathways function in protein synthesis, transcription and cell-cell communication, 

indicating that CORT may influence DNA methylation to alter gene expression in these 

pathways. Feather CORT appears to be strongly associated with DNA methylation in my 

study individuals, but more work is needed to disentangle the complex relationship 

between DNA methylation, feather CORT, and environmental stress. No doubt the timing 

of the environmental stress plays a large role in the variation between DNA methylation 

and CORT. These tail feathers were grown sometime during the 12 months before they 

were collected and took only a couple months to grow, so it possible that there is 

variation in CORT levels attributable to the months in which the feathers were grown. 

The amount of CORT deposited in the tail feather represents only a glimpse into the 

history of stress in the individual, whereas DNA methylation in the blood likely captures 

the history of environmental stress over a much larger time frame. Lee et al. (2010) found 

that exposure to chronic CORT reduced DNA methylation which altered gene expression 

in mice, however these results should be interpreted with caution because individuals 

were not wild and DNA methylation can be altered significantly over just one generation 

(Lea et al. 2016). Much of the literature on CORT focuses on manipulating CORT levels 

via supplemental feeding or implants, but such continued chronic exposure to CORT is 
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unlikely in a natural setting, therefore implications for wild birds are limited. Marra and 

Holbertson (1998) found that stress associated with lower quality habitat was related to 

physiological condition in Setophaga ruticilla (American Redstart) during the non-

breeding season. Identifying natural thresholds at which acute stressors becomes chronic 

stress, will put researchers in a better position to understand species and community 

responses to disturbance.  

It is possible that differential methylation is attributed solely to cell type 

heterogeneity, however since I was working with blood samples from non-model 

organisms isolating purified cell types was not an option. Since I collected blood from the 

brachial vein under the left wing from wild captured birds, I have no reason to suspect 

there would be differences in cell type proportions that would obscure the relationship 

between either CORT or distance to forest edge. 

Feather CORT, Spectrometry and Ptilochronology 

My results, in association with other research, support the conclusion that feather 

CORT is negatively associated with feather brightness (Fairhurst et al. 2014). Feather 

brightness is related to fitness in several species (Vergara et al. 2015). Individuals with 

dull feathers often exhibit lower reproductive success (Keyser and Hill 2000), thereby 

suggesting a cascading effect of chronically high-levels of CORT on feather brightness 

resulting in diminished fitness. A review of the relationship between CORT and fitness 

by Bonier et al. (2009) found that overall there was a negative relationship between 

CORT and fitness, but at specific times in specific species CORT can be beneficial and 
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may actually increase fitness. In these instances when CORT is associated with an 

increase in fitness, CORT is likely facilitating acclimation to acute stressors. Rubenstein 

et al. (2016) found that DNA methylation was related to the likelihood of breeding in 

male and the likelihood of dispersal in female Lamprotornis superbus, which were 

assumed to be indices of fitness, however there is a lack of research on the relationship 

between DNA methylation and direct measures of fitness. Environmental degradation 

influences DNA methylation of regulatory regions associated with a stress response. This 

relationship may dynamically influence fitness in two ways: (1) help individuals cope 

with acute environmental stressors or (2) decreasing fitness due to chronic stressors 

resulting in reduced feather brightness. 

Conclusion 

Measuring variation in a species’ capacity to augment gene expression and 

acclimate to environmental stressors will help us identify those species most capable, and 

incapable, of persisting in disturbed habitats. Potentially these tools can provide insight 

into patterns of species loss, where species subject to extinction may have a lower 

threshold at which environmental stressors become chronic stress resulting in reduced 

fitness. Even though there is more genetic information available on model species, 

studies on non-model species of wild individuals are needed to fully understand the 

complex relationship between forest fragmentation, DNA methylation and CORT in wild 

birds, since DNA methylation is likely to be drastically different between wild and lab-

raised individuals. Future studies relating direct measures of fitness to DNA methylation 
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will help identify levels at which environmental stressors diminish fitness which would 

shed light on how DNA methylation affects species on a population level over 

generations. 



39 

 

  

LITERATURE CITED 

Baerwald, M. R., M. H. Meek, M. R. Stephens, R. P. Nagarajan, A. M. Goodbla, K. M. H. Tomalty, G. H. Thorgaard, B. 

May, and K. M. Nichols. 2016. Migration-related phenotypic divergence is associated with epigenetic modifications 

in rainbow trout. Molecular ecology 25:1785, 1785–1800. 

Berger, S. L., T. Kouzarides, R. Shiekhattar, and A. Shilatifard. 2009. An operational definition of epigenetics. Genes & 

Development 23:781–783. 

Bird, A. 2007. Perceptions of epigenetics. Nature 447:396. 

Bonier, F., P. R. Martin, I. T. Moore, and J. C. Wingfield. 2009. Do baseline glucocorticoids predict fitness? Trends in 

Ecology & Evolution 24:634–642. 

Bortolotti, G. R., T. A. Marchant, J. Blas, and T. German. 2008. Corticosterone in feathers is a long-term, integrated measure 

of avian stress physiology. Functional Ecology 22:494–500. 

Carbajal, A., O. Tallo-Parra, M. Sabes-Alsina, I. Mular, and M. Lopez-Bejar. 2014. Feather corticosterone evaluated by 

ELISA in broilers: A potential tool to evaluate broiler welfare. Poultry science 93:2884–2886. 

Carlson, M. 2017. GO.db: A set of annotation maps describing the entire Gene Ontology. R package version 3.5.0. 



40 

 

  

Chazdon, R. L. 2014. Second growth: the promise of tropical forest regeneration in an age of deforestation. University of 

Chicago Press. 

Conomos, M.P., T. Thornton, S.M. Gogarten and L. Brown. 2018. GENESIS: GENetic EStimation and Inference in 

Structured samples (GENESIS): Statistical methods for analyzing genetic data from samples with population structure 

and/or relatedness. R package version 2.8.1. 

Dale, V. H., L. A. Joyce, S. McNulty, and R. P. Neilson. 2000. The interplay between climate change, forests, and 

disturbances. Science of the Total Environment 262:201–204. 

ESRI. 2017. ArcGIS Desktop: Release 10.5. Redlands, CA: Environmental Systems Research Institute. 

Fairhurst, G. D., M. D. Frey, J. F. Reichert, I. Szelest, D. M. Kelly, and G. R. Bortolotti. 2011. Does environmental 

enrichment reduce stress? An integrated measure of corticosterone from feathers provides a novel perspective. PLoS 

One 6:e17663. 

Fairhurst, G. D., T. A. Marchant, C. Soos, K. L. Machin, and R. G. Clark. 2013. Experimental relationships between levels of 

corticosterone in plasma and feathers in a free-living bird. Journal of Experimental Biology 216:4071–4081. 

Fairhurst, G. D., R. D. Dawson, H. van Oort, and G. R. Bortolotti. 2014. Synchronizing feather-based measures of 

corticosterone and carotenoid-dependent signals: what relationships do we expect? Oecologia 174:689–698. 



41 

 

  

Grubb Jr, T. C. 1989. Ptilochronology: feather growth bars as indicators of nutritional status. The Auk 314–320. 

Gu, Z. 2014. circlize: Circlize implements and enhances circular visualization in R. Bioinformatics 30:2811-2812. 

Gu, Z. 2016. Complexheatmap: Complex heatmaps reveal patterns and correlations in multidimensional genomic data. 

Bioinformatics. 

Faraway, J. 2014. Linear models with R. CRC press. 

Jensen, T., F. M. Pernasetti, and B. Durrant. 2003. Conditions for rapid sex determination in 47 avian species by PCR of 

genomic DNA from blood, shell-membrane blood vessels, and feathers. Zoo Biology 22:561–571. 

Jullien, M., and J. M. Thiollay. 1996. Effects of rain forest disturbance and fragmentation: comparative changes of the raptor 

community along natural and human-made gradients in French Guiana. Journal of Biogeography 23:7–25. 

Kennedy, E. A., C. R. Lattin, L. M. Romero, and D. C. Dearborn. 2013. Feather coloration in museum specimens is related to 

feather corticosterone. Behavioral Ecology and Sociobiology 67:341–348. 

Keyser, A. J., and G. E. Hill. 2000. Structurally based plumage coloration is an honest signal of quality in male blue 

grosbeaks. Behavioral Ecology 11:202–209. 

Kremen, C., R. K. Colwell, T. L. Erwin, D. D. Murphy, R. F. Noss, and M. A. Sanjayan. 1993. Terrestrial arthropod 

assemblages: their use in conservation planning. Conservation biology 7:796–808. 



42 

 

  

Lattin, C. R., J. M. Reed, D. W. DesRochers, and L. M. Romero. 2011. Elevated corticosterone in feathers correlates with 

corticosterone-induced decreased feather quality: a validation study. Journal of Avian Biology 42:247–252. 

Laurance, W. F., T. E. Lovejoy, H. L. Vasconcelos, E. M. Bruna, R. K. Didham, P. C. Stouffer, C. Gascon, R. O. 

Bierregaard, S. G. Laurance, and E. Sampaio. 2002. Ecosystem decay of Amazonian forest fragments: a 22-year 

investigation. Conservation Biology 16:605–618. 

Le Luyer, J., M. Laporte, T. D. Beacham, K. H. Kaukinen, R. E. Withler, J. S. Leong, E. B. Rondeau, B. F. Koop, and L. 

Bernatchez. 2017. Parallel epigenetic modifications induced by hatchery rearing in a Pacific Salmon. Proceedings of 

the National Academy of Sciences 114:12964–12969. 

Lea, A. J., J. Tung, and X. Zhou. 2015. A flexible, efficient binomial mixed model for identifying differential DNA 

methylation in bisulfite sequencing data. PLoS genetics 11:e1005650. 

Lea, A. J., J. Altmann, S. C. Alberts, and J. Tung. 2016. Resource base influences genome-wide DNA methylation levels in 

wild baboons (Papio cynocephalus). Molecular ecology 25:1681–1696. 

Lee, R. S., K. L. Tamashiro, X. Yang, R. H. Purcell, A. Harvey, V. L. Willour, Y. Huo, M. Rongione, G. S. Wand, and J. B. 

Potash. 2010. Chronic corticosterone exposure increases expression and decreases deoxyribonucleic acid methylation 

of Fkbp5 in mice. Endocrinology 151:4332–4343. 



43 

 

  

Lens, L., S. Van Dongen, C. M. Wilder, T. M. Brooks, and E. Matthysen. 1999. Fluctuating asymmetry increases with habitat 

disturbance in seven bird species of a fragmented afrotropical forest. Proceedings of the Royal Society of London B: 

Biological Sciences 266:1241–1246. 

Li, H., B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G. Marth, G. Abecasis, and R. Durbin. 2009. The 

sequence alignment/map format and SAMtools. Bioinformatics 25:2078–2079. 

Longmire, J. L., A. K. Lewis, N. C. Brown, J. M. Buckingham, L. M. Clark, M. D. Jones, L. J. Meincke, J. Meyne, R. L. 

Ratliff, F. A. Ray, R. P. Wagner and R. K. Moyzis. 1988. Isolation and molecular characterization of a highly 

polymorphic centromeric tandem repeat in the family Falconidae. Genomics 2:14-24. 

Maia R., C.M. Eliason, P.P. Bitton, S.M. Doucet and M.D. Shawkey. 2013. pavo: an R Package for the analysis, visualization 

and organization of spectral data. Methods in Ecology and Evolution 4:609-613. 

Marra, P. P., and R. L. Holberton. 1998. Corticosterone levels as indicators of habitat quality: effects of habitat segregation in 

a migratory bird during the non-breeding season. Oecologia 116:284–292. 

Meissner, A., A. Gnirke, G. W. Bell, B. Ramsahoye, E. S. Lander, and R. Jaenisch. 2005. Reduced representation bisulfite 

sequencing for comparative high-resolution DNA methylation analysis. Nucleic acids research 33:5868–5877. 



44 

 

  

Peh, K. S.-H., N. S. Sodhi, J. De Jong, C. H. Sekercioglu, C. A.-M. Yap, and S. L.-H. Lim. 2006. Conservation value of 

degraded habitats for forest birds in southern Peninsular Malaysia. Diversity and Distributions 12:572–581. 

Peters, M. K., S. Likare, and M. Kraemer. 2008. Effects of Habitat Fragmentation and Degradation on Flocks of African Ant-

Following Birds. Ecological Applications 18:847–858. 

Peters, M. K., and B. Okalo. 2009. Severe declines of ant-following birds in African rainforest fragments are facilitated by a 

subtle change in army ant communities. Biological Conservation 142:2050–2058. 

Peters, M. K., G. Fischer, G. Schaab, and M. Kraemer. 2009. Species compensation maintains abundance and raid rates of 

African swarm-raiding army ants in rainforest fragments. Biological Conservation 142:668–675. 

Pohlman, C. L., S. M. Turton, and M. Goosem. 2007. Edge effects of linear canopy openings on tropical rain forest 

understory microclimate. Biotropica 39:62–71. 

Powell, L. L., J. D. Wolfe, E. I. Johnson, and P. C. Stouffer. 2016. Forest recovery in post-pasture Amazonia: Testing a 

conceptual model of space use by insectivorous understory birds. Biological conservation 194:22–30. 

R Core Team. 2018. R: A language and environment for statistical computing. R Foundation for Statistical Computing, 

Vienna, Austria. URL http://www.R-project.org/. 

Rinker, T. W. (2017). qdapRegex: Regular Expression Removal, Extraction, and Replacement Tools. 0.7.2. University at 

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


45 

 

  

Buffalo. Buffalo, New York. http://github.com/trinker/qdapRegex. 

Rubenstein, D. R., H. Skolnik, A. Berrio, F. A. Champagne, S. Phelps, and J. Solomon. 2016. Sex-specific fitness effects of 

unpredictable early life conditions are associated with DNA methylation in the avian glucocorticoid receptor. 

Molecular ecology 25:1714–1728. 

Sapolsky, R. M., L. M. Romero, and A. U. Munck. 2000. How do glucocorticoids influence stress responses? Integrating 

permissive, suppressive, stimulatory, and preparative actions. Endocrine reviews 21:55–89. 

Sarkar, D. 2008. Lattice: Multivariate Data Visualization with R. Springer, New York. ISBN 978-0-387-75968-5. 

Schulte, P. M. 2014. What is environmental stress? Insights from fish living in a variable environment. Journal of 

Experimental Biology 217:23–34. 

Thiollay, J.-M. 1999. Responses of an avian community to rain forest degradation. Biodiversity & Conservation 8:513–534. 

Vergara, P., J. A. Fargallo, and J. Martínez-Padilla. 2015. Genetic basis and fitness correlates of dynamic carotenoid-based 

ornamental coloration in male and female common kestrels Falco tinnunculus. Journal of evolutionary biology 

28:146–154. 



46 

 

  

Verhulst, E. C., A. C. Mateman, M. V. Zwier, S. P. Caro, K. J. Verhoeven, and K. Van Oers. 2016. Evidence from 

pyrosequencing indicates that natural variation in animal personality is associated with DRD 4 DNA methylation. 

Molecular ecology 25:1801–1811. 

Weyrich, A., D. Lenz, M. Jeschek, T. H. Chung, K. Rübensam, F. Göritz, K. Jewgenow, and J. Fickel. 2016. Paternal 

intergenerational epigenetic response to heat exposure in male Wild guinea pigs. Molecular ecology 25:1729–1740. 

Wingfield, J. C., and A. S. Kitaysky. 2002. Endocrine responses to unpredictable environmental events: stress or anti-stress 

hormones? Integrative and Comparative Biology 42:600–609. 

Wolfe, J. D., C. J. Ralph, and P. Elizondo. 2015a. Changes in the apparent survival of a tropical bird in response to the El 

Niño Southern Oscillation in mature and young forest in Costa Rica. Oecologia 178:715–721. 

Wolfe, J. D., P. C. Stouffer, K. Mokross, L. L. Powell, and M. M. Anciães. 2015b. Island vs. countryside biogeography: an 

examination of how Amazonian birds respond to forest clearing and fragmentation. Ecosphere 6:1–14. 

Yu, G., L. Wang, Y. Han, and Q. He. 2012. clusterProfiler: an R package for comparing biological themes among gene 

clusters. OMICS: A Journal of Integrative Biology 16:284-287. 

Yu, G., Li Wang, G. Yan, and Q. He. 2015. DOSE: an R/Bioconductor package for Disease Ontology Semantic and 

Enrichment analysis. Bioinformatics 31:608-609  



47 

 

  

Zirpoli, J. A., J. M. Black, and P. O. Gabriel. 2013. Parasites and plumage in Steller’s jays: an experimental field test of the 

parasite-mediated handicap hypothesis. Ethology Ecology & Evolution 25:103–116. 

 


