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The genetic basis of horn fly abundance remains largely unknown and only few

heritability estimates are available based on small scale studies. In this study, one

subjective and two image-based fly abundance phenotypes were analyzed. Each

animal was assessed subjectively for fly abundance by at least one trained agent

(SUB). Additionally, several digital images were taken and the best image for each

animal was used to assess fly abundance. A box that runs roughly from the

withers to the hook and from the chest floor to the fore of the udder was

established and all horn flies (PA) and sampling-based estimated number of flies

(PR) within the box were calculated. Horn fly counts (SUB, PA, and PR) were

discretized into 4 classes based on the quartiles of their respective distributions.

Heritability estimates ranged between 0.10 and 0.15 and between 0.14 and 0.16

for the continuous and discrete cases, respectively. The genetic correlation was

0.66 between PA and PR and decreased significantly between the image-based

(PA and PR) and the subjective (SUB) assessments for the continuous case. For

the discrete case, the genetic correlations between the three traits were very

similar, indicating a high concordance between traits.

KEYWORDS
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1 Introduction

Horn flies (Haematobia irritans) are a major nuisance to livestock due to frequent

blood feeding. There can be upward of 1,000 flies on an animal at a given time, and each fly

can feed more than 30 times a day with each meal averaging about 1.5 ml of blood

(Kuramochi and Nishijima, 1980: Meisch and Lancaster, 1987). This causes animals stress,

resulting in elevated heart and respiratory rates, reduced growth rate due to decreased

grazing time and feed efficiency, reduced milk production, and reduced weaning weights

(Meisch and Lancaster, 1987: Machtinger et al., 2021). In the United States, horn flies are

estimated to cause more than $1 billion in economic losses on pastured cattle annually
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(Maday, 2018). In fact, Arther (1991) and Kunz et al. (1991)

estimated the yearly impact of horn flies to be $700 and $876

million, respectively; this is the equivalent of $1.6 and $1.8 billion in

2018 dollars. Although staggering, these numbers may still be an

underestimation of the full economic impact of horn flies (Taylor

et al., 2012). Several southeastern and midwestern states in the US

are major cow-calf production states and cattle spend a significant

portion of their lives on pasture. These states are characterized by an

extended summer season. These two factors maximize the exposure

of the beef cattle population to horn flies, resulting in substantial

economic losses (Hinkle, 2018).

Several control methods including life cycle interruption, diet

additives, and insecticides have been proposed to deal with horn fly

infestations. In general, their effects are only temporary, and their

efficacy is hampered by the need for multiple applications during a

season, migration of flies from neighboring herds, and adverse

environmental impact. In addition to the economic cost of these

mitigation methods, the intensive use of insecticides has led to horn

fly insecticide resistance and reduction in predation by other insects

(Cilek et al., 1991: Byford et al., 1999: Barros et al., 2001).

Several studies have clearly shown differences in abundance of

horn flies across breeds and among animals within the same breed

(Steelman et al., 1993: Guglielmone et al., 2001). These differences,

both within and across breeds, have also been linked to variation in

blood enzymes, primarily those associated with blood clotting.

Furthermore, genetic analyses of horn fly abundance traits in

cattle have shown sufficient genetic variation to allow for

improvement in resistance through selection, with heritability

estimates ranging from 10 to 80% (Brown et al., 1992: Fraga

et al., 2005: Ling et al., 2020). Similar results, although with lower

heritability estimates, were observed for self-reported wheal size,

itch intensity and attractiveness to mosquitoes in humans (Jones

et al., 2017).

Relying solely on management and chemical control agents has

proven inadequate. Increasing production efficiency and

eliminating (or at least reducing) chemical use in horn fly control

are of crucial importance to the beef cattle industry. Genetic

selection for horn fly attraction, resistance and tolerance could

provide an attractive alternative which could have tremendous

potential to provide a long-term solution to a complex problem.

One of the major problems impeding genetic selection for horn

fly resistance and tolerance is the economic and logistic costs

associated with measuring fly abundance phenotypes, especially

under pasture conditions. Counts of horn fly load per animal have

been frequently used as a proxy to measure resistance/tolerance.

The accuracy of this approach depends largely on the quality of

subjective assessments of evaluating agents or the acquisition and

processing of digital images. As a result, only small data sets of horn

fly abundance have been collected in beef cattle. Estimates of

heritability of count-based horn fly abundance range from 10 to

80%, clearly indicating the impact of the small sample size, the

potential lack of uniformity in data collection (i.e., subjective

assessment or images), and trait definition (Brown et al., 1992:

Fraga et al., 2005). This high variation clouds the ability to dissect

the genetic basis of horn fly abundance and limits the ability to

derive accurate estimates of the onset of the economic injury
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threshold (abundance at which an animal’s performance starts

becoming negatively impacted) and the rate of decay in

performance after onset (decay in performance with the increase

of HF abundance).

The genetic basis of these traits remains largely unknown due to

the cost and logistic complexity of measuring fly abundance traits

under commercial conditions. Only a few heritability estimates are

available based on small scale studies. The objectives of this study

are to: 1) assess the concordance between subjective and image-

based measurements of horn fly abundance, and 2) estimate the

genetic parameters of the fly abundance related phenotypes using

continuous and discrete classification.
2 Materials and methods

2.1 Data collection

All the data used in this project were collected following the

Animal Care and Use Protocol approved by the Institutional

Animal Care and Use Committee at the University of Georgia

(A2019 03- 034Y3-A0 and A2021 09-0140Y1-A0). Two University

of Georgia farms (Eatonton Beef Research Unit and Northwest

Georgia REC in Calhoun) participated in this project. Data

collection was carried out during the summers of 2019 and 2022.

Animals were not treated or managed in any way to control horn

flies prior to data collection. Animals were assessed for fly

abundance on the pasture in the mornings or on overcast days to

avoid working animals in the heat of the day and to evaluate while

most horn flies were located on the side of the animals. Every effort

was made to minimize the disturbance of the animals on the

pasture. Each animal was assessed subjectively for the abundance

of horn flies by at least one trained agent (SUB). When multiple

trained agents were used, they calibrated their estimates on 5-10

animals at the start of each day prior to viewing animals used in the

study. Additionally, several digital images were taken to capture the

side profile of each animal. Blood samples were collected from the

tail of the majority of assessed animals roughly within one week of

fly count collection. Environmental conditions including

temperature, humidity, wind speed, and precipitation in the last

24 hours were recorded. Animals scored for horn fly abundance by

more than one agent were used to assess the consistency across

trained evaluators. Animals with more than one score were

identified and those with differences between evaluators of less

than 500 flies were kept. This was necessary to remove records

where the assessment by the different evaluators was likely to have

been conducted under markedly different conditions (i.e., animal

has moved/disturbed the flies). After edits, the final data file

consisted of 1680 records collected on 840 cows and heifers. The

pedigree file included 1350 animals. A summary description of the

data is presented in Table 1. When comparing subjective scoring to

image-based methods the average of the evaluator scores was used.

Image-based horn fly abundance phenotypes: For each animal,

the best digital image taken was identified and then used to assess

horn fly abundance. The best digital image was determined by image
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clarity, lighting, animal position (side profile with a neutral position

of the tail and head), and no obstructions in front of the animal (such

as a calf, tree, or grass). A box that runs roughly from the withers to

the hook and from the chest floor to the fore of the udder (Figure 1)

was established. Using the ImageJ software, all visible hornflies within

the established box were manually counted (PA) (ImageJ, 2019). For

animals with high horn fly abundance, the counting was tedious

(close proximity between flies) and time consuming (some animals

requiring upwards of 30 minutes). To remedy these problems, the

established box (Figure 1) was subdivided into small squares as

indicated in Figure 2. Squares were grouped into high, moderate,

and low fly abundance classes by visual assessment. Randomly, 20%,

10 and 5% of squares were sampled within the high, moderate, low
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abundance classes, respectively. Flies within the selected squares were

counted using the ImageJ software and then used to estimated fly

abundance (PR). Image-based methods were compared to the

average of the subjective evaluations, any animals where the

average subjective evaluation differed by 500 or more flies from the

PR or PA were removed. This was done to remove records where the

photo was taken under different conditions than when the evaluators

viewed the animal.

In order to assess the potential impact of the simplification offly

abundance assessment and to potentially reduce the uncertainties

associated with the continuous counts, horn fly counts (SUB, PA,

and PR) were discretized into 4 classes based on the quartiles of

their respective distributions.
FIGURE 1

Box used for counting horn flies.
TABLE 1 Summary of fly count distribution based on subjective and image-based assessments across two farms.

Farm # of Animals Mean SD Min Max

SUB1

Calhoun 918 394 199 50 1,800

Eatonton 762 339 146 50 1,217

PR

Calhoun 816 295 299 0 2,169

Eatonton 610 193 182 0 1,220

PA

Calhoun 119 307 287 5 1,548

Eatonton 109 196 200 5 1,077
1SUB, average subjective fly count; PA, fly count based on all the image; PR, fly count based on image sampling.
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2.2 Data analysis

A mixed linear model was implemented for the joint analysis of

the three horn fly counts (SUB, PA, and PR). In matrix notation, the

following model was assumed:

y = Xb + Zu +Wp + e ½1�
where y is the vector of observed phenotypes for SUB, PA, and

PR, b is the vector of systematic effects of year (2 levels), farm (2

levels), month (3 levels), pregnancy status (2 levels), and a

regression on the animal’s age (in years). u∼N(0,A⊗G) and p∼N
(0, I⊗P) are the additive and permanent environmental effect

vectors, respectively, and e is the vector of residual terms that was

assumed to be distributed as N (0, I⊗ R). X,W and Z are known

incidence matrices with the appropriate dimensions, and G, P, and

R are 3x3 genetic, permanent, and residual covariance

matrices, respectively.

Only a small subset of the animals (n=184) had a PA assessment

due to the time-consuming nature of counting every fly. The

missing PA records were imputed based on the assumed

sampling model presented in the equation.

When the horn fly abundance was treated as a discrete response

with 4 classes, a multivariate threshold model was used. At the

liability scale, the model included the same effects indicated in

equation 1. A full Bayesian analysis was carried out to implement

both models (at the continuous and discrete scales). A unique chain

of 100,000 samples was implemented where the first 25,000 samples

were discarded as burn-in period based on visual inspection of the

behavior of the chain. Computer software developed by Rekaya

et al. (2013) was used for the analyses.
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3 Results

Table 1 presents a summary description of the distribution of

horn fly abundance in each of the farms based on the subjective

(SUB) and image-based (PA and PR) assessments. For animals

scored by more than one evaluator, the average of their assessments

was used. There is a similarity between the mean fly abundance

using the different methods within farm (Figure 3). However, SUB

count assessments are substantially higher compared to PR and PA

across the two farms. The two image-based count phenotypes had

similar means. There seems to be a higher variance in fly counts on

the Calhoun farm as reflected by the higher range and slightly larger

standard deviations. The image-based assessments seem to have a
FIGURE 3

Distribution of horn fly count using the three methods.
FIGURE 2

Grid used in the sampling schemes for counting horn flies.
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slightly higher variability as indicated by larger standard deviations.

On both farms, the average horn fly abundance, especially using

SUB, was substantially higher than the economic injury threshold

currently set at around 200 flies.

There were 448 animals assessed by all three evaluators. The

Pearson correlations between evaluators ranged between 0.43 and

0.52 as indicated in Table 2. When the counts were discretized into

four classes, the concordance between evaluators did not improve.

In fact, it decreased slightly as indicated in Table 2. The correlations

between the different methods of assessing horn fly abundance are

presented in Table 3. The Pearson correlation was around 0.66

between the subjective and PA assessments (n=184) and decreased

to 0.46 between SUB and PR based fly counts (n=1266).

Table 4 presents the residual, genetic, and permanent

environmental variances for the three traits under the continuous

and discrete scenarios. For both cases, SUB has the lowest variances

due to a smaller phenotypic variation in the trait, especially at low fly

abundance. PA and PR had similar variances. In the discrete case,

there was a high similarity across the three traits with exception of the

residual variance for PA (Table 4). The permanent environmental

variances were low and accounted for less than 1% for the phenotypic

variance for all traits under both scenarios indicating low

repeatability. The heritability estimates of the three count traits

using the continuous and discrete classification are presented in

Table 5. Heritability estimates ranged between 0.10 and 0.15 for the

continuous case and between 0.14 and 0.16 when counts were

discretized into four classes.

Table 6 presents the genetic correlations between the three trait

estimation methods for the continuous and discrete scenarios. The

correlation was 0.66 between PA and PR and decreased significantly

between the image-based counts (PA and PR) and the subjective

(SUB) assessments for the continuous case. These genetic

correlations follow a similar trend to the phenotypic correlations

between the three traits (Table 3) although smaller in magnitude.

For the discrete case, the genetic correlations between the three

estimation methods were very similar, indicating a higher

concordance in trait classification across the three methods. A

similar trend was observed for the continuous residual

correlations where PA and PR are highly correlated (0.94);

however, the correlation dropped to around 0.30 between SUB

and the image-based assessments for the continuous case (Table 7).

For the discrete case, the residual correlations were high and similar

across the three traits (Table 7). The permanent environmental

correlations ranged between 0.20 and 0.42 and between 0.26 and

0.35 for the continuous and discrete cases (Table 8).
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4 Discussion

Across the two farms used in this study, there was a substantial

variation in horn fly abundance between animals under similar

management and environmental conditions as indicated in Table 1

and Figure 3. In fact, the coefficient of variation ranged between 0.43

and 1.02 which may suggest the presence of non-negligible genetic

component. These correlations between evaluators were relatively

smaller than those reported by our group when only two evaluators

were used for horn fly assessment [20]. This unexpected decrease in

concordance could be the result of an increased agitation of the

animals due to higher human presence or/and a higher likelihood

that one or more evaluators viewed the animal under slightly

different conditions such as right after the animal disturbs the

flies with their tail.

The correlations between the different assessment methods

showed a higher correlation between the subjective and PA (0.65)

compared to SUB and PR (0.46). This might be due to the small

data set (n=184) used to assess the correlation between SUB and

PA compared to when PR was used (n=1266). In fact, there were

more animals assessed by multiple evaluators in the larger data

set. The correlation increased to 0.95 between the two image-

based counts (Table 4) indicating that one can assess the total

number of flies by counting a portion of randomly selected boxes

within density regions placed across the animal’s body. The PR

method was far less time consuming for animals with high fly

counts and it cuts the time needed to process an image by almost

80%. Due to this drastic increase in efficiency and high accuracy,

we proceeded to assess the remaining photos using the

PR method.

Under the continuous and discrete scenarios, PA has the

highest heritability estimates. Heritability estimates for SUB and

PR were very similar. It is worth mentioning that PA has a high

missing rate in excess of 85%. Although our data set is the largest, to

the best of our knowledge, that was used to estimate heritability of

horn fly abundance in beef cattle, it remains relatively small,

resulting in large posterior standard deviations (Table 6). Based

on the 95% high posterior density intervals (HPD), all heritability

estimates are not statistically different from each other. Although

similar to recent results reported by Ling et al. (2020), our

heritability estimates, at the continuous and liability scales, are at

the lower end of reported estimates (Brown et al., 1992: Fraga et al.,

2005) These early studies are based on small datasets with limited

pedigree information. Furthermore, they only used subjective

assessment of horn fly abundance.
TABLE 2 Correlations between three evaluators for the subjective
assessment of horn fly abundance as a continuous (upper diagonal) and
as a discrete trait (lower diagonal: on the liability scale)1.

Evaluator 1 Evaluator 2 Evaluator 3

Evaluator 1 1 0.433 0.448

Evaluator 2 0.40 1 0.517

Evaluator 3 0.452 0.443 1
1 Only animals assessed by all three evaluators were used.
TABLE 3 Correlations between subjective and image-based count of
horn fly abundance.

PA PR SUB

PA 1 0.953 0.651

PR 1 0.459a

SUB 1
acalculated using 1265 records that had both image sampling count (PR) and the subjective
counts.
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The heritability estimates indicate the existence of sufficient

genetic variance across the three horn fly abundance related trait

methods that can be exploited for selection against horn fly

attraction. Although small, these estimates are similar to those of

some traits already included in regular genetic evaluations. The
Frontiers in Animal Science 06
genetic correlations indicate only a small similarity between the

image-based and the subjective assessment of horn flies, especially

in the continuous case. This is likely due to the inconsistency of fly

count assessment across methods. Subjective assessments are

logistically demanding and suffer from great variability across

evaluators, which will reduce its attractiveness as a practical

option to assess fly abundance. Image-based assessments are

more objective and logistically less demanding than the subjective

assessments. However, they are highly affected by animal

movement, and one image per animal is often insufficient.

Furthermore, accurate and automated image-based fly counts

are needed. This is an active area of research and hopefully a

practical method will emerge soon. Alternative methods based on

non-count assessment of horn fly abundance are being investigated

(Warner et al., 2022). These methods rely on the predictive

power of correlated phenotypes and endo-phenotypes to assess

fly abundance.

Discrete assessment of horn fly abundance showed a greater

consistency across the three methods and may offer an alternative

solution that could simplify the subjective and image-based

assessments. Although we are interested in reducing the fly

abundance as much as possible, from an economic and animal

welfare point of view, it is sufficient to reduce the fly abundance

below the economic injury threshold. Currently, that threshold is

heuristically set to 200 flies. Thus, even a binary classification of fly

abundance (below and above the threshold) might offer a

practical solution.

With the rise in ambient temperature, we are witnessing an

expansion of the geographical areas affected by horn flies and the

length of the fly season. This will further increase economic losses to
TABLE 4 Residual, genetic, and permanent environmental variances of the three horn fly abundance phenotypes under the continuous and discrete
(on the liability scale) classifications.

Continuous Discrete

Trait Residual Genetic Permanent Residual Genetic Permanent

PA1 53103 9329 241 0.45 0.09 0.006

PR 57682 6517 234 0.39 0.05 0.005

SUB 2997 3827 235 0.39 0.06 0.005
1PA, fly count based on all the image; PR, fly count based on image sampling; SUB, average subjective fly count.
TABLE 5 Heritability (PSD1) of three horn fly abundance traits using
continuous and discrete (on the liability scale) classification.

PA2 PR SUB

Continuous 0.149
(0.023)

0.101
(0.014)

0.112
(0.013)

Discrete 0.163
(0.018)

0.142
(0.017)

0.140
(0.017)
1PSD, Posterior Standard Deviation; 2PA, fly count based on all the image; PR, fly count based
on image sampling; SUB, average subjective fly count.
TABLE 6 Genetic correlations (PSD1) between the three horn fly
abundance phenotypes for the continuous (above diagonal) and discrete
(below diagonal) cases.

PA2 PR SUB

PA 1.00
(0.00)

0.66
(0.05)

0.44
(0.04)

PR 0.66
(0.06)

1.00
(0.00)

0.48
(0.04)

SUB 0.65
(0.05)

0.67
(0.06)

1.00
(0.00)
1PSD, Posterior Standard Deviation, 2PA, fly count based on all the image; PR, fly count based
on image sampling; SUB, average subjective fly count.
TABLE 7 Residual correlations (PSD1) between the three horn fly
abundance phenotypes for the continuous (above diagonal) and discrete
(below diagonal) cases.

PA2 PR SUB

PA 1.00
(0.00)

0.94
(0.06)

0.32
(0.04)

PR 0.88
(0.07)

1.00
(0.00)

0.33
(0.03)

SUB 0.87
(0.07)

0.92
(0.06)

1.00
(0.00)
1PSD, Posterior Standard Deviation, 2PA, fly count based on all the image; PR, fly count based
on image sampling; SUB, average subjective fly count.
TABLE 8 Permanent environment correlations (PSD1) between the three
horn fly abundance phenotypes for the continuous (above diagonal) and
discrete (below diagonal) cases.

PA2 PR SUB

PA 1.00
(0.00)

0.42
(0.04)

0.20
(0.03)

PR 0.28
(0.04)

1.00
(0.00)

0.20
(0.03)

SUB 0.26
(0.04)

0.35
(0.05)

1.00
(0.00)
1PSD, Posterior Standard Deviation, 2PA, fly count based on all the image; PR, fly count based
on image sampling; SUB, average subjective fly count.
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the livestock industry and negatively impact the well-being of

animals. Cost effective and scalable new machine and sensor-based

data collection approaches together with artificial intelligence tools

are needed to develop practical large-scale horn fly data collection.
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