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Abstract

Predator-prey systems are ubiquitous across ecological systems. Typical eco-
logical models focus on the dynamics of predator-prey populations. Eco-evolutionary
models integrate arms race or Red-Queen like dynamics. The roles of the preda-
tor and prey species are always assumed to be static. Nevertheless, sometimes
predators can bite off more than they can chew. For example, predators that en-
counter multiple or dangerous prey types may need to develop new predatory
tactics to capture prey. We explore the dynamics of predator-prey dynamics when
the prey can injure or kill the predator. This common ecological scenario places
pressure on the predator to develop novel predatory tactics to both capture prey
and avoid counter-attack from prey. Taking a bottom-up approach, we develop the
Holling function mechanistically and then implement it in a model of innovation-
selection dynamics inspired by economic theory. We show how an interdisciplinary
approach can be used to explain the emergence of complex predatory behaviours.

Notably, our study shows why predators may hunt dangerous prey even when safe
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prey are available. In a broader context, we demonstrate how a multidisciplinary
approach combining ecology, evolution and economics improves our understand-

ing of a complex behavioural trait.

Keywords: predator-dangerous prey, innovation dynamics, evolutionary games

Introduction

Predation is a key selection pressure driving community composition and ecosys-
tem function [1, 2, 3]. Research has previously focussed on the responses of prey
in predator-prey interactions [4, 5, 6]. However, there is burgeoning interest in how
the behaviour of predators influences population dynamics [7, 8]. There is ample
evidence that both within and between-individual variation in predator behaviour in-
fluences predator-prey dynamics (e.g. [9, 10, 5, 6]. Our understanding of the degree
and forms of influence is still in its infancy despite long recognition of the importance
of individual variation [11, 10, 7, 12]. One major source of variation in predator be-
haviour and hence predation success and population dynamics is individual foraging
strategy.

Many predators adopt flexible foraging strategies that incorporate tactics such
as stalking, ambush, pursuit or luring to maximise their prey capture success (e.g.,
[13, 14]). Multiple factors can induce a predator to change foraging tactics, including
prey type, environmental factors or satiation levels. For example, in order to amelio-
rate the risks posed by dangerous prey, predators often adopt specific foraging tactics
that are designed to neutralise prey defences. Jumping spiders that prey on other
jumping spiders adopt specific cryptic stalking postures that reduce the risk of the
prey spider recognising the predator, while adopting non-cryptic stalking behaviour
against other prey that is less likely to counter-attack [15]. Similarly, whiptail lizards
that prey on scorpions vigorously shake their prey for prolonged periods before con-
suming them, but adopt a shorter, less violent tactic against cricket prey [16]. The
prevalence of flexible foraging strategies in predators are likely to strongly co-vary

with the population dynamics of predators and prey.
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Predators and prey have some of the closest eco-evolutionary relationships. There
is often intense selection pressure on both predator and prey populations to develop
and establish novel predatory or anti-predator traits (e.g. [17]). Changes in preda-
tory behaviour can result in significant shifts in predator-prey population dynamics
[18, 19]. How predators develop new predatory tactics is not well understood. Inno-
vation in animals (and across scales of organisation) has been a subject of intense
investigation in recent years [20, 21]. Here, we develop a model that demonstrates
that innovation dynamics can result in the development and maintenance of complex
predatory tactics. We then quantify the population dynamics between predators with
flexible foraging strategies (i.e., multiple predatory tactics) and their prey.

We develop a framework which is a combination of traditional ecological the-
ory, evolutionary game dynamics and innovation theory [22, 23]. We develop two
prey types, safe and dangerous. Predators could have simple strategies employing
straightforward hunting tactics, or complex - having novel and complicated hunting
tactics. We derive the Holling responses for the hunting strategies and the different
prey types by using a decision tree based approach inspired by game theoretic anal-
ysis. While the population dynamics of such a model can be extensively studied, our
aim is to hypothize a mechanism which brings about innovative complex predatory

tactics in the first place.

Model and Results

2.1 Population dynamics

Before addressing dangerous prey and novel hunting tactics, let us begin with a sim-
ple predator-prey model. The abundance of the prey is given by = and that of the

predator by y. The following set of differential equations can then describe the dy-
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namics,
i o= gz (1 - %) —yo(x)
i o= ylo@ (1-%)—¢. (1)

The prey increases in density at a certain fixed rate g but the density is capped by
the carrying capacity M. The prey density is reduced by consumption by the predator
according to the function ¢(x), a function of the prey density. As such, predators can
increase in density while dying at a constant rate e. In the simplest case one can
assume that ¢(x) = z. The analysis of such a simple predator-prey system can be
found in the classical texts of theoretical biology [24].

Next, we extend the system to include two prey types (safe and dangerous). The
two types of prey reflect natural communities in which predators often have multiple
prey types, rather than specialising on just one. We track the abundances of safe and
dangerous prey by x and z, respectively. Thus now the system would be made up
of the two prey types and a simple predator (See Sl.1 for the dynamical equations).

Let us imagine a predator which can assess the risk of attacking a dangerous prey
and adjust its behaviour accordingly. We assume that both prey (predator) types fall
in the same niche such that they compete for space and therefore have a combined
carrying capacity of M (N) respectively. Thus we can track the population dynamics
of the prey = (safe), x4 (dangerous) and the predator y (simple) and z (complex) (see
Table in SI.1). Both the simple and complex predatory strategies, as well as the safe
and dangerous prey types, can co-exist. However, how does the complex strategy
arise? To understand the origin of such strategies we first start by quantifying the

decisions made by predators during their interactions with prey.

2.2 How do predators make decisions?

To understand how new predatory behaviours can come about, first, we need to un-
derstand how the predators progress through a hunt. The response function usually

assumed to be merely a linear function of the prey density may not be linear. How
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does the density of prey influence prey capture rates? Holling [25] addressed this
question resulting in the now-famous Holling response curves. The response curves
from Holling’s experiment and their variations have been derived and readdressed to
take into account various eco-evolutionary factors such as multiple prey types, differ-
ent types of prey or including prey defence mechanisms [26, 27, 28]. While we could
adopt one of the Holling responses developed, we would lose any mechanistic inter-
pretation of the terms involved. We derive the response function using a decision tree
technique from game theory [22]. This decision tree model helps us step through the
decision-making processes of predators.

Simple predator. A simple predator searches for prey, spending time ¢, and
encounters the two prey types, safe and dangerous, with probabilities proportional to
their relative abundances in the population. The probability of encountering safe prey
is thus S = =, /M and of encountering dangerous prey is D = z,/M. Empty patches
are thus encountered with probability 1 —.S — D. A predator that encounters safe prey
follows the left side of the decision tree whereas for dangerous prey it follows the right
side (Figure. 1). The payoff of each set of decisions is provided at the bottom of the
leaves. The time required to reach that decision is on the left for safe prey and on the
right for dangerous prey encounters. Since the prey handling time depends on prey
type, these times can differ.

As shown in Figure 1, there are nine possible outcomes (O, to Oy). Each outcome
has a probability given by the product of the probabilities leading to that outcome. For
example, the probability of encountering a safe prey, then deciding to attack it, but
then the prey escaping is given by x,05 where Oz = a4(1 — ¢s).

The functional responses of the simple predator upon encountering the two prey
types are then denoted by,

¢ 50 (2)
g =

T (Z?:l Oiti) + (1 -5 - D)ﬁ4 + D (E?:B Oiti)
¢p = DO: (3)

S (Z?:l Om) +(1-S—D)ty+D (2325 Oiti)
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Figure 1: Decision tree for a simple predator. The predator encounters safe prey with
probability S = z,/M and a dangerous prey with probability D = x4/M. The probability
that there is no prey in the patch follows 1 — S — D. The predator first decides to attack
with probability as (aq). If the predator chooses to attack, the capture probability is
denoted by ¢s (cq). However, after prey capture the predator can decide whether to
release the prey (finding it to be too dangerous) with probability 4 or it may be injured
in the process of attacking with probability 1 — g4 — 74 where ¢4 is then the eventual
probability of successful capture of dangerous prey. For safe prey, these probabilities of
predator injury do not appear. Each of these steps requires a certain amount of time,
given on the edges of the tree with the notation ¢t. The outcomes of following each

branch of the decision tree are collated at the terminus of each branch.
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which simplify to,

s = Sagc (@)
ST b+ S(tas + as(tas + csths)) + D(taqd + aa(teq + catna))”
and,
D
(bD aqcdqqa (5)

At S(tas + as(tas + cstns)) + D(taa + aa(taqd + catna))
These functional responses look unfamiliar because we have assigned both prey

types to be present. As in [22], we can recover the traditional form of the Holling
response by normalising the search time Mt; = 1 and focusing on cases when only
one prey type is present (either safe (x; = M) or dangerous (x4, = M)). These are
the assumptions which the traditional Holling response is based on, and our functions

become,

TgQsC
_ slsCs 6
¢S 1 + (tds + as (ta,s + Csths))xs ( )
QSD _ TqaqcCq (7)

1+ (taqg + aa(tea + catha))ra

We assume that the simple predator cannot differentiate between the safe and dan-
gerous prey. Therefore it decides to attack any prey with the same probability (as =
aqg = 0.9) and attacks instantaneously (¢, = t4; = 0). However the dangerous prey
is harder to capture (¢4 = 0.2 < ¢s; = 0.8). The difference in the timing lies in the
handling time. For different magnitudes of handling times for the dangerous prey, we
see that the capture rate of safe prey is always higher than that of dangerous prey
Fig. 2 (left panel).

Thus using a decision tree model coming from game theory, we have provided a
mechanistic basis for the functional response of a simple predator to dangerous prey.
It is possible to analyse the response dynamics further using the static concepts of
equilibrium selection as is done extensively in [22] for safe prey. However, our aim
here is to analyse the functional response of a predator employing complex strategies,
and subsequently, the dynamics of predator-prey interactions.

Complex predator. A complex predator assesses the risk posed by safe and

dangerous prey (Fig. 3). First, the complex predator needs to identify the kind of prey
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Response curve for the simple predator Response curve for the complex predator
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Figure 2: Left panel. For the simple predator the chance of hunting the safe prey
depend on as = 0.9 and ¢, = 0.8. Similarly, successfully hunting a dangerous prey
depends on aq = 0.9, ¢4 = 0.2, i.e. the predator does not differentiate between the
prey types when deciding to attack ¢t4s = tqa = 0.0 but the capture probabilities differ.
Furthermore g4 = 0.1 and r4 = 0.5, i.e. there is only a small chance of success as there
is a higher risk of the predator getting injured. The handling time for dangerous prey
tra = 0.5,5,50 is more than handling safe prey tns = 0.1 resulting in a progressively
lower prey capture rate. Right panel. For a complex predator, the decision tree is similar
however we have a; = 0.9 whereas a; = 0.8, i.e. the predator discerns between the
two prey types and can actively choose to attack the dangerous prey less often than the
safe prey. A complex, novel tactic can result in a higher capture success with ¢; = 0.9.
However an innovative strategy requires an investment of time, with t4¢ = 0.1. The
invested time and complexity result in a higher chance of success g4 = 0.55,r4 = 0.1
with a smaller chance of injury. For both scenarios we set t; = 7, = 1. The resulting

prey capture rates follow a similar pattern to that predicted in [29].
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Figure 3: Decision tree for a complex predator. The predator encounters safe prey

with probability S = z,/M and a dangerous prey with probability D = z4/M. The

probability that there is no prey in the patch follows 1 — S — D. For the safe prey the

dynamics proceeds in a similar manner as that for the simple predator (Fig. 1). When

deciding to attack the prey, the complex predator can distinguish if the prey is safe or

dangerous. This process of discerning takes time such that as compared to the simple

predator we have 744,45 > t4q. Given a dangerous prey the predator chooses to employ

a novel innovative attack technique. The execution time of the innovative attack will

depend on the exact type of the innovation. The structure of the rest of the decision tree

is again the same as in Fig. 1.

it has encountered. Risk assessment results in a delay in making an initial decision

to attack or abort the hunt as compared to the simple predator 7,4/4; > taa. Next,

the predator selects a direct attack tactic for safe prey, while for dangerous prey a

different tactic is employed.

Using the same analysis technique as for the simple predator, we can write down
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the response curves for the complex predator when feeding on the two prey types as,

o S Oy (8)
5=

e e )
o) D O (9)

s (Z?:l Om‘) +(1-5-D)s+D (23:5 Om)

Since the complex predator has invested time in assessing the difference between
the prey types, it attacks the two prey types with different probabilities (say as =
0.9 > a4 = 0.8). Employing a novel hunting technique specific to the dangerous
prey results in a higher capture probability as compared to that of a simple predator.
Subsuming the costs in the amount of time spent in the discriminatory behaviour, the
complex predator overall performs worse at capturing prey although it can capture the
dangerous prey better than the simple predator (compare panels in Fig. 2).

While we have characterised the response curves of the predators to the different
prey types, they are not in the same currency as that of energizable metabolic units.

The energy gain for the predators (simple and complex, f and F’) is denoted by,

[ =msbs +madp (10)
F=n,d5+73Pp (11)

When a predator attacks dangerous prey, the rate at which it can get injured is a func-
tion of the density of the dangerous prey, just as a Holling response. We capture injury
rates with ¢; and ®; for the simple and complex predators respectively calculated in

a manner similar to Egs. (7),(9).

2.3 Population dynamics revisited

Now that we have a mechanistic description of the functional responses we can re-
visit the population dynamics of the two prey types, safe and dangerous, and the

two predator types, simple and complex. The dynamics follow the following set of

10
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equations,
b= g (1= D) o - s (12)
Ta = g4 (1 _ o A—;m) —yop — 2%p (13)
s ] (14)
i = Z[F(l—y]—;z)—eg—m@j] (15)

The growth of the two prey follows a logistic pattern whereas their deaths feed the
predators. The predators die with an intrinsic death rate but also after suffering in-
juries from encountering the dangerous predator. The population dynamics of such a
system is akin to the dynamics of two prey and two predators [30, 31].

So far, we have assumed that the complex predator is present without discussing
its origins. At the core of this study lies the question of how a complex predatory
strategy can come about in the first place. We thus discuss the different ways a

predator can “innovate” a complex novel predatory tactic.

2.4 How do predators innovate?

Until now we have followed the population dynamics assuming that ‘somehow’ an
innovative predatory tactic comes about and then spreads in the population. However,
how exactly does this innovative tactic arise? We assume that a predator can employ
different types of simple strategies - a set we define as the core tactics. A complex
predator can also have a set of innovative predatory tactics - a set we define as the
‘novel’ tactics. Here, we define a route between the set of simple core tactics and the
complex novel tactics. To do so, we make use of the concept of innovation.

In engineering and economics, the concept of innovation has been studied ex-
tensively [32]. Economics defines three conditions that need to be satisfied to drive
innovation [33] — a recognised need, competent people with the required technology

and, financial support. We argue that similar factors drive innovation in biology,

e a positive selection pressure,

11
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Figure 4: Switching-plasticity dynamics Evolving complex novel strategies is as-
sumed to be possible from a given set of simple, core tactics. If a predator has the
tactics of ambush, lure and pursuit in its basic repertoire then it is assumed that it can
switch between the three with a probability u. With probability r it is possible to recom-
bine two of these ‘simple’ core tactics into a blend. The new blended tactic is termed
the ‘complex’ novel tactic. Thus, it is then possible for a predator to Lure and Ambush,

Ambush and Pursuit or Lure and Pursuit.

e prerequisite genetic, phenotypic, behavioural variability,
e within bioenergetic and physicochemical bounds.

Core tactics. We assume that there are a few core tactics that a predator can utilise.
Core hunting tactics are the basic techniques which a predator possesses to hunt
“safe” prey, i.e. prey which does not pose any risk of injury or death to the predator
itself. The predator can switch between these tactics with a switching rate u. For our
model, we characterise three core tactics. Ambush (A), Lure (L) or Pursuit (P) could
be such core tactics as visualised on the left in Fig. 4.

Core to novel. To see how novel strategies can arise, we take inspiration from evo-

12
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lutionary game theory. The core tactics could switch between themselves, but since
they are behaviours, they could also combine. For example, a predator may wait to
ambush prey with a lure out, a typical fishing strategy (e.g. [34]). This ability comes
with a well-justified tradeoff [35] as the behaviour requires either a large brain or an
investment in physical structures or substances to attract prey. All these costs could
be captured by an overall higher death rate of these innovative tactics.

Thus the overall cost of this innovation reduces the prey capture rate of the preda-
tors employing the novel tactics z. In a broad sense, the predators thus have two
strategies, simple or complex. Simple strategies involve using core tactics while a
complex strategy involves the use of the novel, innovative tactics. In general for n
core tactics we have m = (}) possible “innovative” hunting tactics. The total number
of tactics in the spider population are thus n (core tactics) + m (derived novel tactics).

The dynamics are now further modified as,

) xs n m
Ts = g1%s (1— M) —Zlyjqﬁs—zlzj%
J= j=

n n m n
. dima Yi 21 %
gio= | Dyl <1 - = N ’ —yier —ryi y_ 0i3Diy;
j=1 Jj=1
n Z” . m .
. =1 Y5 T2 2
Zi = zili+r E 0i.5Yiy; (1 - o= ]N =1 J) — Zi€2 (16)
(2]

where all the core tactics are denoted by y and the novel tactics by z. Two core tactics
blend with a rate r and the elements of the matrix D determine the contribution of the
individual core tactics in forming the new tactic. We have Dy, =0and D; ; + D, ; =
1. The binary operator 6; ; which can be either 1 or 0 dictates whether a certain
combination is even possible or not, for e.g. §;; = 0. Even if there is a continuous
influx due to the recombination rate r, the novel hunting tactics have a reduced prey
capture rate of the safe prey as compared to the core tactics. This cost does not allow

the complex tactics to flourish even if they originate.
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Response curve for the simple predator Response curve for the complex predator
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Figure 5: Harvest rates for the core and novel strategies. For the simple predator
and the complex predator some of the parameters have the same values. For example
we havets =75 =1,as = 0.9, ¢ = 0.9 tgs = Tas = 0, ths = Ths = 0.1 @Nd thg = Tha =
0.5. The difference lies in the time taken to decide whether to attack a dangerous prey
or to retreat t44 = 0 since the prey needs to be identified as dangerous. The individual
attack tactics also have their own parameter settings, for the simple predator the tactics
are Ambush (tos = 0.15, tqq = 0.15, g4 = 0.1 and r4 = 0.8), Lure (tqs = 0.2, tea = 0.2,
ga = 0.1and r4 = 0.6) and Pursuit (t,s = 0.1, tq = 0.1, g4 = 0.05 and r4 = 0.9). For the
complex tactics we have, Ambush-Lure (aq: = 0.8, ¢q1 = 0.9, Tas = 0.25, go; = 0.55 and
rq = 0.1), Ambush-Pursuit (aqp = 0.8, cap = 0.8, 745 = 0.14, q4p = 0.4 and rq, = 0.6)
and Lure-Pursuit (a;, = 0.8, ¢ip = 0.85, 745 = 0.18, ¢, = 0.5 and r;, = 0.15). The
space of success of these strategies is discussed further in Fig. 6. The time required to
execute the the complex tactics 7,4 are assumed to be A-L (75, = 0.5), A-P (7ap = 0.3)
and L-P (7, = 0.4).
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2.5 Full model

To build up the model stepwise we now include the dangerous prey as well. Denoted
by z4, as before, the initial abundance of this prey type is assumed to be extremely
low. This property can be captured by the now complete model as given by the

equations:

, AN S
Ts = 1% <1— — ) > yivs — Y %Ps
j=1 j=1
, s + g - -
g = gaka (1 -~ ) = yiop =Y %%
j=1 j=1
. - DYt % -
gio= | Dvimiids <1 B —yi(er+mon) =y ) 0Dy
i=1 =1

Z;

n
ziFy+r Z 0s,5YiY;

2%

(1 B Z;’L:l Yj + 27:1 Zj

N > 7Zi(62+71'[q)[). (17)

While it is straightforward to write down the dynamics of all the types in the popu-
lation and possibly further analyse the model, we focus on the definitions of the terms
within this theory. For example, we have calculated the response functions for a sim-
ple and a complex tactic in Fig. 2. Now, we have three simple core strategies, and the
example harvest rates for these denoted in Fig. 5 (left panel). A binary combination
of the core tactics results in the three complex novel tactics. The example response
functions are illustrated in Fig. 5 (right panel) for each complex novel tactic.

How tactics combine depends on the organism and the type of tactics. If we imag-
ine two straightforward hunting behaviours then perhaps what combines is not the
actual predatory tactic, but the phenotypic adaptations developed for each tactic. For
example, the ability to use wind direction to avoid detection by prey plus to be able to
map the three-dimensional surroundings to approach prey cannot be combined if the
appropriate phenotypic adaptation to detect wind movement and three-dimensional
optic machinery have not evolved in the same animal. While our concept of combin-

ing tactics is a simplification over the natural processes of functional overloading, it
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allows us to make inroads into theoretically unchartered territory. For example, we
can map the complex novel tactics of a predator together with the simple core tactics
when attacking a dangerous prey. The tactics can be visualised by measuring the mu-
tually exclusive probabilities of hunting success, predator injury and (dangerous) prey
release in a probability space as in Fig. 6. Core tactics are predicted to be the least
successful predatory tactics, but require the least amount of investment by the preda-
tor. Novel tactics are expected to reduce the risk of predator injury while increasing
prey capture success. However, the cost of novel tactics (e.g., via time investment)
is higher than core tactics (Fig. 5). In our example, tactics that include luring prey,
which requires behavioural modification of the prey (i.e., the prey must approach the
predator) are the most risky for the predator and yet are the most likely to result in
prey capture.

We have thus completed the development of the full model. Starting with the clas-
sical ecological model of predator-prey dynamics (Fig. 7 (a)), we added dangerous
prey in the model (b). This resulted in loss of the stability of the classical predator-prey
cycles. Although suffering from a lower growth rate compared to safe prey, dangerous
prey can deter the predators and thus leads to a dominance of dangerous prey over
other types. Then we included multiple simple ‘core’ tactics and allowed the predator
to switch between them (c). While this allows multiple predatory tactics to be ex-
ploited, some performing better than others, they are still simple. The dangerous prey
can evade such tactics and maintains its superiority. Finally allowing for innovation,
complex ‘novel’ hunting tactics arise (d). The novel tactics, whose functionality until
now lay dormant, can now invade the hunting strategy space and co-exist together
with the ‘core’ tactics. For the illustrated parameter, we observe a re-emergence of
predator-prey cycles (at least in the short run) before resulting in a static but stable
antagonistic co-existence between the (simple and complex) predators and (safe and
dangerous) prey types. While Ambush was the most successful when only safe prey
was present, in a mixed situation where both prey types are present, a combination

of Luring and Pursuing works best.

16


http://dx.doi.org/10.1101/530238
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint first posted online Jan. 25, 2019; doi: http://dx.doi.org/10.1101/530238. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license.

Release

Pursuit
[ J

Ambush
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Lure-Pursuit
Ambush—Lure‘

Figure 6: Result space for core and novel predatory tactics. Each predatory tactic

Success Injury

is defined by its Success, Injury and Release probabilities. We can thus plot the tactics
in this space where the vertices result in the labelled outcome being realised with prob-
ability 1 (and with probability 0 at the opposite edge). Besides these three probabilities,
each tactic also takes its own time for execution. The size of the points represents this.

Ambush-Lure is the most time-consuming tactic while pursuit is the fastest.
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Theory development
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Figure 7: lllustrative example of the full model. The full model as described in the
set of equations in Egs. 17 is illustrated here for four different scenarios. From the left to
right we illustrate how we have proceeded with the theory development. (a) A simple one
predator-one (safe) prey system is described which provides us with the classical Red-
Queen dynamics. (b) The addition of a dangerous prey, (which can harm the predator)
can result in the extinction of the predator and a coexistence of the prey types. (c) If
we allow for multiple predatory hunting tactics (all core tactics), with a switching rate
of u = 0.1 we see that the tactics are explored by the predator however since they
all are dominated by the dangerous prey, eventually they all die out. (d) Together with
switching (1 = 0.1) if complex and novel predatory tactics can evolve (at rate r = 1073)
we see that the novel tactics can increase in abundance in the population and coexist
with different hunting tactics. We have used the same parameters for the tactics as
described in Fig. 6 which shows that the A-L tactic has the highest success probability.
However, the temporal dynamics reveal that the successful novel tactic, L-P, emerges

via an evolutionary method rather than only success maximisation.
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Discussion

Animals, from invertebrates to humans can show innovative behaviour [20]. Innova-
tion can even be applied from cells to complex societies [21]. We present a method of
incorporating innovative behaviour in classical predator-prey dynamics by testing how
new predatory tactics are developed and maintained in populations. Innovative traits
such as those that arise from plasticity could eventually come under developmental
control when in the right ecology [36].

A simple model of predator-prey dynamics forms the basis of our model. How-
ever, we uniquely derive the prey capture rates of the predator using a decision tree
like approach pioneered by [22]. This bottom-up approach allowed us to expand the
model to include dangerous prey and complex predators who can employ novel hunt-
ing tactics. Probing further, we have addressed how such novel tactics can arise in
the first place.

Technological innovation can be studied by making use of the same dynamical
systems as used in evolutionary dynamics [37]. An innovative predator can formulate
alternative hunting tactics. As it is more parsimonious to tweak already available
material, we assume that the novel hunting tactics could be a blend of the already
present ‘simple’ core hunting tactics. We thus demonstrate how novel and complex
tactics that one can observe in predators can originate from a few core simple tactics.
Evidence for this comes from Portia jumping spiders that use trial and error to derive
vibrations to attract their web-building spider prey within range of attack [38]. Jumping
spiders make an excellent model system for examining the processes of behavioural
innovation in a predator due to their excellent vision and complex cognitive abilities
in a small brain [39, 40]. Further, jumping spiders have multiple predatory tactics
including ambushing, luring and pursuing prey [41, 42]. These predatory tactics are
often adapted for prey type and context [43, 44].

Of further interest would be the rate at which novel tactics arise in the popula-
tion. Factors that influence the probability of novel predatory tactics arising are likely

to include animal personality and changing communities (either through animal intro-
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ductions or range expansions) providing new sources of prey. Predator personality
has already been demonstrated to affect prey capture rates [45, 46, 47]. The effects
of personality are likely to extend to predatory tactics. Once available phenotypically,
such tactics could in principle come under developmental control [36]. In our model,
we assumed that once such innovative tactics appear in the population, then they can
be passed along genetically. The rapid evolution of behavioural tactics in a predator-
prey arms race between a spider and fly indicates that this is a reasonable assumption
[17]. If the inheritance of predatory tactics were strictly social, then we would need
to include hybrid modelling techniques. That is, after every generation, the novel
predatory tactics would be removed from the population. However, if generations are
over-lapping, we could also envisage a role of predator learning in the transmission
of predatory tactics. Furthermore, a difference in the lifespan of the predator and prey
could also facilitate within generation learning opportunities - the role of experience.
Certainly experience influences predatory behaviour (e.g., [48]). Future work aims at
capturing both, the role of learning and experience for a predator.

The mathematical model that we have developed takes into account the preda-
tor prey dynamics with a number of tunable parameters with the predator and its
dangerous prey in context. These parameters can be tuned to exact experimental ob-
servations. Thus, our study is generalisable to natural predator-prey systems. How-
ever, we demonstrate that the eco-evolutionary dynamics of predators and prey are
drastically affected when we incorporate innovation dynamics (Fig. 7). An interesting
question to ask using an experimental system would be when does selection favour
innovative behaviour? While predator-prey interactions themselves can become in-
creasingly complex [49] they are nevertheless a part of community ecology, both biotic
and abiotic [50, 51]. In a large, co-evolving food web, analysing whether ecological
interactions that are antagonistic or mutualistic promote innovative behaviour would
be a study of great importance.

We conclude that incorporating innovation dynamics, together with studies of per-
sonality and experience, into traditional evolutionary dynamics will help move current

eco-evolutionary theory towards the regimes of an extended evolutionary synthesis
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applicable across scales of organisation [21].
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Sl.1  Supplementary material

Simple and complex predators

Herein we develop the dynamics of a safe prey, a dangerous prey and a simple preda-
tor (single core tactic) and a complex predator (single novel tactic). How the complex
predator arises is not dealt with herein but discussed in the main text.

The density of the safe prey is denoted by x, and that of the dangerous by z,.
The growth rates of the two prey types are g; and g4, their palatabilities =g and =p
and the eventual different response curves (¢s and ¢p) for the safe and dangerous
prey respectively. When interacting with a dangerous prey, the predator can get hurt
(and eventually die). Dangerous prey is not predators of the predators, so the injury
encounter does not increase their net growth rate. The rate at which the predator
density can reduce when interacting with the dangerous prey is captured by ¢;. Taken

together the new set of equations is given by,

-r's = GsTs (1 - xsj—&xd> - y(bS(xs)
. 1 Ts+ x4 Sl
Ta = gava|(1——; —yép(rq) (SI.1)

i = y[(rsos(@) +moon@a) (1- %) - e~ d6r(wa)

where M is the carrying capacity of the prey species and N is that of the predators.
Now that we have a dangerous prey in the population we turn to the object of this

study — a complex predator. A complex predator is the one that can identify when the
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predator is dangerous and adjust its hunting tactic in such a way that the costs due to
injury are minimised and the success rate is better than a naive predator ®p > ¢p.

Thus, now we have the simple predator as y, the complex predator z,

. Ts+ X

I, = 1T (1 . d) — YsPs — Y Ps

. Ts+ T
Td = 9g2d <1 Y d) —¥Ys9Pp — YcPp

. S + C

Ys = Us [(WSQSS +7pép) (1 — ijy> —e] — 5¢1:| (Sl.2)

z Z|:(7qu)s+7TDq)D) <l—y;2> —62—6¢‘[:|,

where the response functions are written without the functional form.
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Description Value

Ts Density of safe prey
g Density of dangerous prey
g1 Growth rate of safe prey 3.5
g2 Growth rate of dangerous prey 0.1 g1
M Total carrying capacity of prey 20
Yi Density of simple strategy predator ¢
2 Density of complex strategy predator :
N Total carrying capacity of predator 20
os Core tactic prey capture rate when hunting safe prey Egs. (7)
03] Core tactic prey capture rate when hunting dangerous prey Egs. (7)
dg Novel tactic prey capture rate when hunting safe prey Egs. (9)
®p | Novel tactic prey capture rate when hunting dangerous prey Egs. (9)
o1 Core tactic injury rate when hunting dangerous prey
o Novel tactic injury rate when hunting dangerous prey
fi Cumulative Holling response for core tactic i Eq. (11)
F; Cumulative Holling response for novel tactic i Eq. (11)
i Rate at which the core tactic j switches to ¢
T Rate at which novel tactics are formed 1074
i Returns 1 if the core tactics < and j are compatible for all i,j = 1

i Contribution of the core tactic : when mixed with j 0.5
€1 Intrinsic death rate of core tactic predator 0.75
€2 Intrinsic death rate of novel tactic predator 1.5¢;

Table Sl.1: List of Symbols. Notation used in the manuscript as well as the parameter

values used for illustrations.
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