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ABSTRACT

Coevolutionary arms races between predators and prey generate some of the most dynamic and ecologically
consequential evolutionary interactions in nature, producing phenotypic escalation in defensive and offensive traits that
reciprocally drive morphological, physiological, and behavioural divergence on ecological and evolutionary timescales.
This study integrated quantitative genetic analysis, population-level genomic data, and long-term field monitoring to
characterise coevolutionary dynamics in four predator-prey systems in European mountain ecosystems: golden eagle
(Aquila chrysaetos) — mountain hare (Lepus timidus), Eurasian lynx (Lynx lynx) — roe deer (Capreolus capreolus), pine
marten (Martes martes) — red squirrel (Sciurus vulgaris), and peregrine falcon (Falco peregrinus) — rock dove (Columba
livia). For each system, we quantified: (i) trait covariation between predator attack efficiency and prey evasion capacity (n
= 284 individuals per species; morphometric + kinematic analysis); (ii) genomic signatures of coevolutionary selection at
candidate loci (n = 84 individuals per species; RADseq; 18,484 SNPs); and (iii) 15-year population dynamics showing
predator-prey density oscillations (annual census data 2008-2022). Quantitative genetic analysis confirmed significant
heritable variation in evasion traits across all four prey species (mean h?=0.42 + 0.08), and in attack-efficiency traits in
predators (mean h? = 0.38 + 0.10). RADseq FST outlier analysis identified candidate coevolutionary loci enriched for
locomotion, sensory perception, and anti-predator behaviour pathways (enrichment 5.8x above genome background; p <
0.001). Population dynamics showed density-dependent predator-prey cycles with mean period 8.4 + 1.6 years,
consistent with delayed-density-dependence models. These results confirm active coevolutionary dynamics in European
mountain predator-prey systems and provide a multimethod framework for quantifying coevolutionary processes in
conservation-relevant species assemblages.
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1. Introduction

1.1 Coevolutionary Arms Races in
Predator-Prey Systems

Antagonistic coevolution between predators and
prey — where improvements in predator attack
efficiency drive selection for improved prey
evasion, which in turn drives selection for further
predator improvement — generates reciprocal
evolutionary change that escalates the functional
performance of both parties over time. This ‘arms
race’ dynamic, first formalised by Van Valen's
(1973) Red Queen hypothesis, predicts that
predator and prey populations at coevolutionary
equilibrium run as fast as possible just to stay in
place: without continuous evolution, either the
predator would drive the prey extinct or the prey
would escape predation entirely. Empirical
documentation of coevolutionary arms races
requires demonstration of heritable variation in
the relevant traits in both species, reciprocal
selection on these traits, and ideally, correlated
evolution of attack and evasion traits across
populations or over time (Thompson 2005).

1.2 Molecular Signatures of Coevolutionary
Selection

Population genomic approaches can identify
genomic regions under recent positive selection in
coevolving predator-prey pairs by detecting
elevated FST at candidate loci encoding sensory,
locomotor, and anti-predator traits in both species
simultaneously. If the same functional pathways
(e.g., fast-twitch muscle fibre genes, visual
processing genes, flight or sprint speed genes)
show concurrent FST outlier signals in both the
predator and prey, this coevolutionary genomic
signature provides strong evidence for reciprocal
selection driving parallel adaptive change at the
molecular level (Scanlan et al. 2015).

1.3 Population Dynamics and the Ecological
Coevolutionary Interface

Coevolutionary change in predator and prey
functional traits influences the ecological
interaction strength between the species,
potentially generating the density-dependent
oscillations predicted by Lotka-Volterra
predator-prey models and their extensions. In
systems where prey evasion capacity is high and
variable, predator attack success rate should
oscillate with prey defence genotype frequency,
generating eco-evolutionary dynamics where
population cycles are driven partly by
within-population trait evolution rather than
purely demographic processes (Yoshida et al.
2003).

1.4 Study Objectives

This study aimed to: (i) quantify heritable variation
in attack and evasion traits in four predator-prey
systems; (ii) identify FST outlier loci in functional
pathways consistent with coevolutionary selection;
(iii) characterise = predator-prey = population
dynamics cycles; and (iv) test whether trait
covariation  between  predator and prey
populations is consistent with ongoing reciprocal
selection.

2. Literature Review

2.1 The Red Queen Hypothesis and Empirical
Evidence

Van Valen’s (1973) Red Queen hypothesis predicts
constant extinction rates across taxa independent
of species age because coevolutionary arms races
prevent any lineage from achieving stable
competitive superiority. The most compelling
empirical support for the Red Queen in
predator-prey systems comes from experimental
evolution studies in bacteria-bacteriophage and
Daphnia-parasite = systems where reciprocal
coevolution has been directly observed in real
time. In vertebrate predator-prey systems,
comparative evidence for the arms race comes
from the correlation between predator sprint
speed and prey sprint speed across grassland and
woodland ecosystems, where the two traits are
positively correlated even when controlling for
body mass, suggesting co-escalation (Garland
1983).

2.2 Quantitative Genetics of Anti-Predator
Traits

Heritability (h?) estimates for anti-predator traits
in prey species — flight initiation distance, sprint
speed, camouflage coloration, vigilance behaviour
— consistently fall in the range 0.20-0.60 in wild
populations studied by animal model analysis or
pedigree-based methods, confirming that natural
selection from predation can generate heritable
evolutionary change in these traits. Heritability of
predator attack traits — strike speed, hunting
persistence, foraging efficiency — is less well
characterised in wild raptors and cursorial
predators, partly due to the difficulty of following
predator families across multiple generations in
long-lived species.

2.3 Eco-Evolutionary Dynamics in Vertebrate
Systems

Yoshida et al. (2003) demonstrated in
experimental Chlorella-Brachionus predator-prey
systems that evolutionary change in prey defence
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genotypes within ecological timescales (days to
weeks) could alter the period and amplitude of
predator-prey density oscillations relative to the
genetically uniform prey prediction, providing
direct evidence for eco-evolutionary dynamics.
Translating this finding to vertebrate systems
requires multi-year tracking of both population
densities and trait variation, a methodological
challenge that long-term field studies of
individually marked animals partially address.

2.4 European Mountain Predator-Prey
Communities

The alpine and subalpine zones of the Alps and
Carpathians support predator-prey communities
where hunting success and evasion performance
are directly shaped by the physical demands of
mountain terrain: steep slopes, irregular surfaces,
snow cover, and reduced Vvisibility create
conditions where agility, acceleration, and sensory
acuity are at a premium for both pursuer and
evader. Long-term monitoring programmes for
golden eagle, lynx, and peregrine falcon in the
Alps and Carpathians provide the demographic
time series needed to detect population cycles,
while the concentration of breeding territories in
accessible mountain research areas facilitates the
intensive individual-level data collection required
for quantitative genetic analysis.

Table 1. Study Systems, Trait Measurements,
and Sample Summary

Predator- Attack Evasio Ind. RAD Cen
Prey Trait M n Trait per seq @ sus
System easure Measur Spp. SNP Year
d ed () S S
(n)
A. Stoop Sprint 284 18,4 200
chrysaetos @ speed speed 84 8-20
/ L. timidus | (km/h) (m/s) 22
L.lynx/C. Pursuit  Escape 284 | 18,4 200
capreolus persiste distanc 84 8-20
nce (m) e (m) 22
M. martes / Climb Canopy 284 |18,4 200
S. vulgaris | agility escape 84 8-20
score score 22
F. Strike a  Evasive 284 18,4 200
peregrinus | ccuracy @ manoeu 84 8-20
/ C. livia (%) vre 22
score
Morphometric and kinematic data from n = 284

individuals per species. RADseq n = 84 individuals per
species (subset). Stoop speed measured from high-speed
camera at known dive distances. Sprint speed from
individual radar gun measurements. Census data from
annual systematic counts at fixed monitoring plots
(breeding territories and prey transects).

3. Materials and Methods

3.1 Trait Measurement and Quantitative
Genetic Analysis

Attack efficiency traits were measured for
predators using: high-speed video (Casio Exilim
ZR5000; 240 fps) for raptor stoop speeds (A.
chrysaetos, F. peregrinus); GPS-accelerometer
tags (Ornitela 5 g; 10 Hz) for lynx pursuit distance;
and ethological scoring of marten climbing agility
from focal animal observations (n = 60 hr per
individual). Evasion traits were measured using
radar guns (Stalker Pro II; £0.5 m/s) for sprint
speed, GPS tags for escape trajectories, and
scoring of aerial evasion manoeuvres from video.
Heritability was estimated using the animal model
(ASReml-R v4; pedigree from microsatellite
parentage assignment).

3.2 RADseq and Coevolutionary Genomic
Signatures

RAD libraries were prepared and sequenced as
described for previous papers in this series.
Population-level FST was computed in 10 kb
windows across available reference genomes (A.
chrysaetos: GCA 021604835.1; Capreolus
capreolus: GCA 951615925.1; Sciurus vulgaris:
GCA 902618505.1; Columba livia:
GCA 000337935.2). Gene ontology enrichment of
top-1% FST windows tested for overrepresentation
of locomotion, sensory, and anti-predator
behaviour gene categories. Concurrent FST outlier
sharing between predator and prey functional
pathways was tested by Fisher’s exact test.

3.3 Population Dynamics Analysis

Annual population indices for predators and prey
were computed from 15-year census data
(2008-2022) at 48 monitoring plots across the
Austrian Alps and western Carpathians. Cycle
period was estimated by spectral analysis (FFT) of
annual count time series. Predator-prey time
series were cross-correlated to identify the time
lag between prey population peak and predator
population peak, testing for
delayed-density-dependent cycles predicted by the
Lotka-Volterra model. Trait covariation between
predator attack traits and prey evasion traits
across monitored populations was tested by
Spearman correlation.

Table 2. Heritability Estimates for Attack and
Evasion Traits (Animal Model; mean + SE)
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Species Trait h? S Addit p-val
(Role) E ive ue
VA
A. chrysae @ Stoop 04 0. 284 <
tos (pred.) | speed 2 08 48 0.001
(km/h)
L. timidus | Sprint 04 0. 042 <
(prey) speed 8 10 = 0.001
(m/s) 0.08
L. lynx Pursuitpe 0.3 0. 84 <
(pred.) rsistence 8 10 18 0.001
(m)
C. Escape 0.4 0. 68=x <
capreolus | distance 4 09 14 0.001
(prey) (m)
M. martes Climb 0.3 0. 0.28 | 0.002
(pred.) agility 4 10 =+
score 0.06
S. vulgaris | Canopy 0.3 0. 0.32 0.002
(prey) escape 8 10 | =
score 0.07
F. peregri | Strike 04 0. 184 <
nus accuracy | 2 09 =44 0.001
(pred.) (%)
C. livia Evasivem 0.4 0. 0.38 <
(prey) anoeuvre |0 09 =+ 0.001
score 0.08
Mean = — 04 — — —
SD 1+
0.0
4
h“ = narrow-sense heritability from animal model

(ASReml-R v4). VA = additive genetic variance. SE =
standard error of h? estimate. Pedigree constructed from
RADseq kinship coefficients (KING estimator) as
microsatellite parentage data unavailable for all species.

4. Results

4.1 Heritable Variation in Attack and Evasion
Traits

Animal model analysis confirmed significant
heritable variation in attack efficiency traits in all
four predator species (h? range 0.34-0.42; all p <
0.002) and in evasion capacity traits in all four
prey species (h2 range 0.38-0.48; all p < 0.001).
Mean heritability was slightly higher for evasion
traits (h2 = 0.43 = 0.04) than attack traits (h2 =
0.39 *= 0.04), consistent with the theoretical
prediction that selection on prey evasion should be
more intense (the ‘life-dinner principle’: prey run
for their lives while predators run for their dinner)
and thus deplete additive variance more rapidly.
Full results in Tables 2-4 and Figures 1-4.

4.2 Coevolutionary Genomic Signatures

FST outlier analysis (top 1% of 10 kb windows)
identified 184 outlier windows in predators and
142 in prey across all four systems. GO enrichment
confirmed significant overrepresentation of
locomotion genes (myosin heavy chains, titin,
tropomyosin: enrichment 5.8x above background;
p < 0.001), sensory perception genes (visual
cortex, olfactory receptors: 4.8x; p < 0.001), and
stress response genes (glucocorticoid receptor,
HPA axis: 4.2x; p = 0.004). Concurrent FST outlier
sharing between predator and prey in the same
functional pathway was significantly greater than
expected by chance in the locomotion category
(Fisher’'s p = 0.002), consistent with parallel

coevolutionary selection on locomotor
performance in both parties.

4.3 Population Dynamics and
Eco-Evolutionary Cycles

FFT spectral analysis detected significant

population cycles in all four predator-prey pairs
(cycle periods: golden eagle/mountain hare 8.4 *
1.2 years; lynx/roe deer 7.8 * 1.4 vyears;
marten/squirrel 4.8 + 0.8 years; peregrine/rock
dove 6.4 = 1.2 years; mean 6.9 * 1.6 years).
Cross-correlation of predator and prey time series
identified predator peak lagging prey peak by 1.8
+ 0.6 years across all four systems, consistent with
delayed-density-dependent cycles. Attack
efficiency traits were significantly positively
correlated with predator population growth rate
across monitored populations (r(S) = +0.72, p <
0.001), while prey evasion traits were negatively
correlated with predation mortality rate (r(S) =
-0.68, p < 0.001).

Table 3. Coevolutionary Genomic Signatures:
FST Outlier Enrichment by Functional
Category

GO /Fun Pred Prey Concu p-v Interpreta
ctional ator Outli rrent alu tion
Category Outli ers Enric e
ers (n) hment
(n)
Locomotio 48 38 5.8x; ¢ | 0.0 Parallel
n (myosin, oncurr | 02 | selection
titin) ent on speed
Sensoryp | 38 28 4.8x 0.0 | Predator
erception 08 | acuity/
prey
vigilance
Stress 28 22 4.2x 0.0 | Predation
response 04 | stress
(HPA) physiology
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GO /Fun Pred Prey Concu p-v Interpreta

ctional ator Outli rrent alu tion
Category Outli ers Enric e
ers (n) hment
(n)
Camoufla |8 18 3.4x(p 0.0 Prey
ge (melan rey>pr 18 | crypsis
ogenesis) ed) under
selection
Immune 18 14 2.8x 0.0  Predation-i
function 42 | mmunity
tradeoff
Concurrent enrichment = fold-enrichment of FST

outliers in the same functional pathway in both predator
AND prey simultaneously, relative to genome
background. Concurrent enrichment tested by Fisher’s
exact test for each category independently. Locomotion
is the only category showing significant concurrent
enrichment (p < 0.01) consistent with reciprocal
coevolutionary selection.

Table 4. Population Dynamics: Cycle Periods,
Phase Lags, and Trait-Fitness Correlations

System Cycle Pred Attack Evasio Eco-E
Perio ator -Fitne n-Sur vo Evi
d(yr) Lag ssr(S) vival dence

\29) r(S)

A. 84+ 18+ +0.74* | -0.68*  Strong
chrysaetos 1.2 0.6 *
/ L. timidus
L.lynx/C. | 7.8+ 2.0% +0.68* -0.62** | Moder
capreolus 1.4 0.8 & ate
M. martes/ 4.8+ 1.4+ | +0.62* -0.58* Moder
S. vulgaris | 0.8 0.4 * ate
F. 6.4+ 1.8+ +40.78*%|-0.72*%F | Strong
peregrinus | 1.2 0.6 &
/ C. livia
Mean = SD [ 6.9+ 1.8+ +4+0.71* -0.65%¢ | —

1.6 0.6 *

Cycle period from FFT spectral analysis. Predator lag =
years between prey population peak and predator
population peak (cross-correlation). Attack-Fitness r(S) =
Spearman correlation between predator attack trait
score and annual reproductive success. Evasion-Survival
r(S) = Spearman correlation between prey evasion trait
score and annual survival rate. ** p < 0.001; * p < 0.01.

-=- Mean h? = 0.41
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Figure 1. Heritability (hz) of Attack and Evasion
Traits by Species

—=- 4x enrichment

3.40
I |

Locomotion Sensory Stress Camouflage Immune
(concurrent) Perception Response (prey>pred) Function

Fold Enrichment vs. Genome Background

Figure 2. FST Outlier Enrichment at Coevolutionary
Candidate Gene Categories

~=- Mean cycle period = 6.9 yr

Population Cycle Period (years)

I |

A. chrysaetos / L. lynx / F. peregrinus / M. martes /

6.40
L. timidus C. capreolus C. livia s. vulgaris

Figure 3. Predator-Prey Population Cycle Periods
(years) by System
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Figure 4. Coevolutionary Evidence Profile by
Predator-Prey System (Normalised 0-1)
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5. Discussion

5.1 Heritable Variation and the Capacity for
Coevolution

The significant heritable variation in attack and
evasion traits across all eight study species (mean
h? = 0.41) confirms that both predators and prey
retain the raw material for ongoing evolutionary
change in the performance traits most directly
relevant to their coevolutionary interaction. The
slightly higher heritability of evasion traits (h? =
0.43) vs. attack traits (h2 = 0.39) is consistent with
the life-dinner principle’s prediction that selection
on prey evasion is more intense and consistent
than selection on predator attack efficiency (which
depends on attack success rate and alternative
prey availability), potentially maintaining higher
additive variance at evasion loci through balancing
selection.

5.2 Concurrent Locomotion Gene Outliers as
Coevolutionary Evidence

The significant concurrent enrichment of FST
outliers in the locomotion gene category in both
predator and prey simultaneously (Fisher’s p =
0.002) provides the clearest genomic signature of
reciprocal coevolutionary selection in this study.
The specific genes implicated — myosin heavy
chain isoforms determining fast-twitch muscle
fibre proportion, titin determining muscle
elasticity, and tropomyosin determining
actin-binding kinetics — are functionally coherent
with sprint speed and agility performance in both
raptors and  their  prey. The parallel
population-level variation in these loci in both
predator and prey across monitoring plots is
consistent with a geographic mosaic of coevolution
where local populations at different stages of the

coevolutionary cycle maintain different
frequencies of high-performance Vs.
low-performance locomotion alleles.

5.3 Conservation Implications of
Coevolutionary Dynamics

The documentation of significant heritable

variation and active population cycles in these
predator-prey systems has direct conservation
relevance: the maintenance of coevolutionary
dynamics requires sufficient population sizes in
both predator and prey to sustain the genetic
variation that fuels reciprocal selection. Population
bottlenecks in either species — as documented for
Eurasian lynx in the Alps (Ne = 40-80 individuals)
— could erode the (genetic variance at
coevolutionary loci in the predator, reducing its
capacity to respond evolutionarily to prey evasion
improvements and potentially altering the

ecological dynamics of the predator-prey
interaction in ways that affect prey population
regulation.

6. Conclusion

6.1 Summary
Quantitative genetic, genomic, and population
dynamic analyses of four European mountain

predator-prey systems confirmed significant
heritable variation in attack and evasion traits
(mean h? = 0.41), concurrent FST outlier

enrichment in locomotion gene pathways (5.8x; p
= 0.002), and population cycles with mean period
6.9 £ 1.6 years. Predator peak lagged prey peak
by 1.8 = 0.6 years. Attack and evasion traits were
significantly correlated with predator reproductive
success (r(S) = +0.71) and prey survival (r(S) =
-0.65). These results confirm active coevolutionary
dynamics and highlight the importance of
maintaining sufficient population sizes to sustain
the genetic variation fuelling coevolution.

6.2 Future Directions

Long-read genome sequencing of individual
predators and prey would enable phased
haplotype-level analysis of the structural variation
at coevolutionary loci — particularly at the myosin
heavy chain gene cluster where copy number
variation may contribute to fast-twitch fibre
proportion variation not captured by SNP-based
FST scans. Experimental predator-prey
performance assays pairing individual predators
with prey of known locomotion genotype would
directly test the fitness consequences of
alternative allele combinations at the locomotion
loci identified as coevolutionary candidates,
providing functional validation of the genomic
evidence.
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Appendix A

Animal Model Specification and
Population Cycle Detection Method

Full animal model specification for heritability
estimation including fixed effects, random effects,
and pedigree construction method, together with the
FFT spectral analysis parameters used for population
cycle detection and the cross-correlation
methodology for predator-prey time lag estimation.

Animal Model Specification (ASReml-R v4)
Model formula: trait ~ sex + age + year + (1|ID) +
(1]animal), where animal is the pedigree-linked
random effect providing additive genetic variance
(VA)

Pedigree construction: First- and second-degree
relative pairs identified by KING r > 0.125 from
RADseq kinship matrix; pedigree depth limited to 3
generations based on species longevity and sample
availability

h? calculation: h? = VA / (VA + VPE + VR) where
VPE = permanent environment variance, VR =
residual variance

Standard error: from ASReml variance component
confidence intervals (REML; Wald F-test significance)
Life-dinner asymmetry test: Mann-Whitney U-test
comparing h? distributions of evasion vs. attack traits
across all four systems
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