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Abstract. Understanding the mechanisms that drive biodiversity and ecosystem resilience in a
rapidly changing world requires a deeper investigation into behavioral diversity among individuals.
Consistent individual differences in behavior, often referred to as animal personality, play a crucial
role in shaping ecological and evolutionary dynamics, particularly in foraging behavior. Traditional
approaches in behavioral and evolutionary ecology typically focus on average behavior, neglecting
the significance of individual variability. This study explores the influence of consumer personality
on ecological dynamics, specifically examining how variations in food availability affect behavioral
strategies and ecosystem functioning. We develop a consumer-resource model that incorporates
personality-dependent saturating attack rates based on the mean-field ratio of resources to consumers.
The well-posedness of the model is established, and we analyze the existence and stability of all
steady-state solutions. Through bifurcation analysis, we identify critical transition parameters and
describe the nonlinear phenomena induced by personality-dependent attack rates. Our findings
demonstrate that boldness in consumers enhances their persistence, particularly under low levels of
boldness, where populations can survive even with moderate or high food supply, which was not
captured in classical frameworks.
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1. Introduction. Consistent individual differences in behavior, often described
as animal personality variation, play a pivotal role in the shaping of ecological and
evolutionary dynamics, particularly in the context of foraging [36, 48]. Bold individu-
als often engage in high-risk, high-reward scenarios, maximizing resource acquisition
but increasing predation exposure. In contrast, shy individuals exhibit risk-averse
strategies, prioritizing survival over immediate gain [47, 15, 34]. These behavioral
tendencies are not merely individual traits but have cascading effects on population
dynamics and evolutionary trajectories, influencing survival rates, reproduction, and
fitness on multiple scales [31, 13]. Temporal fluctuations in food availability and
predation risk further drive these behavioral responses, acting as key ecological pres-
sures shaping population-level outcomes [24, 33]. Although temporal fluctuations of
food availability are key drivers of behavioral responses, their effects in the context
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of consumer risk-taking behavior have rarely been explored mathematically. Strong
selection pressures compel consumers to adapt their behavior to resource availabil-
ity, but individual consumers can exhibit consistent behavioral differences in their
responses, influenced by the specific context of predation [28, 46]. Despite the critical
role of these interactions, current ecological models often overlook the nuanced contri-
butions of personality-driven behaviors. Investigating how individual traits interact
with environmental heterogeneity is essential to understand the resilience of ecosys-
tems and inform conservation of biodiversity in changing environments [41, 3]. Some
empirical results suggest that behavioral types vary in a cost-benefit trade-off, with
bolder individuals gaining greater access to resources at the expense of increased risk
of predation [19, 35, 1]. However, explicitly linking individual behavior to predation
events in natural conditions remains challenging due to the difficulty of quantifying
behavior after predation, highlighting the need for theoretical studies.

Consumer-resource interactions are central to ecological modeling, providing es-
sential insights into population dynamics, community structure, and ecosystem func-
tioning. These interactions, encompassing consumer-resource, herbivore-plant, and
host-parasite relationships, form the foundation for understanding energy transfer
and nutrient cycling within ecosystems [42, 7]. The study of consumer-resource dy-
namics has significantly advanced theoretical ecology by offering predictive frame-
works for population responses to resource availability, environmental variability, and
interspecific interactions [27, 23]. Mathematical models have played a critical role
in quantifying these processes, with practical applications in conservation biology,
resource management, and climate impact assessments [18, 32].

Individual variation in animal behavior, such as boldness (propensity to take
risks), is widespread across taxa and significantly influences species distributions, pop-
ulation dynamics, species interactions, and ecological invasion potential [31, 17, 4, 37].
Despite this, empirical studies on the ecological forces maintaining such variation
remain limited [2, 26]. Predation risk has emerged as a key selection pressure bal-
ancing the trade-offs of risk-taking behaviors in natural environments [20, 39]. How-
ever, quantifying predation events involving individuals with known behavioral pheno-
types remains methodologically challenging [10, 26]. Theoretical and empirical models
incorporating personality traits have explored their effects on consumer-resource dy-
namics, resource partitioning, and habitat selection [30, 44]. These models offer valu-
able insights but often overlook feedback mechanisms between individual behaviors
and environmental variability, such as resource abundance or predation risk [33]. Tra-
ditional approaches in behavioral and evolutionary ecology tend to focus on average
behaviors, neglecting the functional significance of individual differences [22, 43]. This
work aims to develop an ecological model integrating consumer behavioral responses
under varying food availability. The model will be empirically validated and calibrated
using field data to better understand how individual variation influences consumer-
resource dynamics and ecological stability.

This research employs an integrated approach combining theoretical, computa-
tional, and empirical methods. First, differential equation-based models will be de-
veloped to describe the interactions between food availability and animal behavior, as
outlined in section 2. Empirical data from experimental studies will be used to param-
eterize and validate these models, ensuring their accuracy and relevance. In section 3,
we derive conditions for the existence of specified nonlinear phenomena and analyze
their implications for the dynamics of the model by studying equilibria. Section 4
focuses on investigating various bifurcations by identifying critical parameter values
and the conditions under which these bifurcations occur. Numerical simulations will
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TaBLE 1
Description of variables and parameters of the model (2.3).

Parameter list

Symbol Description Value Reference

k Resource carrying capacity (g) 1.2 (32]

T Maximal growth rate of resource (d~1) 2.5 [32]
m Consumer loss rate (d~1) 0.33 (32]
ey Consumer maximal production efficiency (no unit) 0.7(0.5-0.9) [16]

h Handling time (d) 0.25(0.2-1) [6]

bo Minimum attack rate (g~1d~1) 0.2(0.01-1.2) Fitted
a Maximum increment of attack rate (g~ 1d~1) 1.5(0.2-3.5) Fitted
c Half-saturation constant (no unit) 1.2(0-2) Fitted
Br Attack rate for model (2.1) (g~1d™1) 1.2 (32]

then explore the model dynamics under diverse environmental change scenarios in
section 5. Finally, the study concludes with a discussion presented in section 6.

2. The model formulation. The Rosenzweig—-MacArthur consumer-resource
model that incorporates density-dependent growth for the resource and a saturating
functional response for the consumer [32] is formulated as follows:

@;:x@_f)_géﬁi,
' dy BrY
— —my,

where = and y are resource and consumer densities, and the parameter details are
provided in Table 1. The functional response term also known as feeding rate is given
by

Brx

(2.2) Frl@) = T2
This functional response fr(x) satisfies the fundamental properties of a functional
response [25].

1. fr(0) =0, i.e., at zero resource population level, there will be no interaction

between resource and consumer.

2. frlz)= M}%, i.e., an increase in resource increases the feeding rate.

3. limy 00 fR= %, i.e., for a higher resource population level, fr saturates.

In model (2.1), the consumer’s foraging behavior via attack rate g is considered
constant. While this formulation effectively captures the fundamental dynamics of
consumer-resource interactions, it neglects the potential influence of behavioral plas-
ticity. Risk-taking behaviors, for example, can significantly alter foraging strategies
based on the densities of both consumers and resources. To account for consumers
adopting risk-taking behaviors to maximize resource acquisition under fluctuating re-
source availability, the attack rate must be treated as a dynamic variable rather than
a fixed parameter. With this in mind, we propose the following personality-driven
consumer-resource model:

de x\  Blzy)vy
93 E_Tx(l k;) 14 B(z,y)ha’
(2:3) dy  Blx,y)zy

dt 76y1+ﬁ(x,y)hx -m
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All constant parameters in the above model are positive, and their details are pro-
vided in Table 1. Traditionally, the attack rate, 3, also referred to as the foraging
rate, is modeled as a constant. However, to incorporate behavioral flexibility and
capture consumer personality, we extend the model by assuming that 8 is a func-
tion of both resource and consumer densities, 5(x,y). We constructed S(z,y) based
on the mean-field ratio of resources to consumers, capturing the dynamic interplay
between resource and consumer availability. This formulation reflects the adaptive
nature of consumer behavior: when resources are scarce, consumers increase boldness
to improve foraging success; when competition among consumers intensifies, the bold-
ness function saturates as competitive costs outweigh foraging benefits. A plausible
candidate for this dynamic attack rate is defined as

(2.4) B(x,y) = bo + xa =bo+cxaj]_,
(5)+ ’

where the following notation is used:
e [(x,y): the attack rate, which varies based on consumer boldness;
e by: the minimum attack rate, representing the baseline for a consumer ex-
hibiting extreme shyness;
e a: the maximum possible increment to the attack rate, corresponding to a
consumer exhibiting extreme boldness;
e c: the half-saturation constant governing the boldness-based increment of
the attack rate; a smaller ¢ indicates a stronger influence of boldness, while
a larger c reflects a weaker influence.
The functional response (feeding rate) for the model (2.3) is given by

B(z,y)x

(2.5) f(z,y) = W7

which also satisfies all the basic properties of functional response like model (2.1).
Figure 1 shows the schematic diagram of attack rate B(x,y) and functional response
fla,y)t

Model outcomes are highly sensitive to parameter values, making accurate esti-
mation crucial for reliable quantitative predictions within a finite time interval. A
systematic approach is essential for estimating multiple parameters, and various tech-
niques have been used in previous studies [38, 16, 40]. In this study, we applied the
nonlinear least-squares method (NLS), as described in Appendix A, to estimate pa-
rameters. However, empirical studies that determine feeding rates by varying resource
and consumer densities in the field remain limited, particularly in complex ecosystems
such as coral reefs. Using field experimental data on herbivorous fishes and their algal
resources from a near-pristine reef ecosystem [16], we fitted the feeding rate function
(2.5). The resulting fits are shown in Figure 1(d), with the corresponding parame-
ter estimates provided in Table 1. A detailed description of the fitting procedure is
presented in Appendix A.

By combining the generic model (2.3) with the attack function (2.4), we derive
the explicit form of our model as follows:

IThe functions B(z,y) and f(z,y) are Lipschitz with respect to 2 and y in the open first quadrant,
respectively. Hence, their definitions can be extended to the closure of that set by letting them be
zero when either x =0 or y =0.
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Fi1G. 1. Schematic diagram for (a) attack rate S(z,y), (b) functional response f(x,y), (c) func-
tional response fr(x), and (d) fitted functional response results for model (2.3).

dr _ ( w) zy (ay +bo(cz +y))
—=rx|(l—-—)— ,
(2.6) dt k ahzy + bohx(cx +y) +cx +y
' dy _ eyry(ay +bo(cz +y)) my

dt — ahwy + boha(cx +y) +cx+y

3. Model analysis. In this section, we establish the conditions for the existence
of the specified nonlinear phenomena and examine their implications for the dynamics
of model (2.3).

3.1. Mathematical preliminaries. In Theorem 3.1, we demonstrate the non-
negativity and boundedness of solutions for model (2.3). The boundedness ensures
the system is biologically well-behaved, preventing unbounded growth of species pop-
ulations over time due to resource limitations.

THEOREM 3.1 (positivity and boundeness). All solutions (z(t),y(t)) of the system
(2.3) which initiate in R%\(0,0) are positive and uniformly bounded.
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Proof. The system of equations (2.3) is continuously differentiable in a neighbor-
hood of the first quadrant @ = {(z,y) : ,y > 0}. As a result, solutions to initial
value problems with nonnegative initial conditions exist and are unique. Rewrite the
esystem (2.3) in the form

dr dy

E*x :xM(Z’,y), and E:y/:y'/\/(z7y)

Clearly, if (z(t),y(t)) is a solution of the system, then 2’ = xm(t) and ¥ = yn(t), where
m(t) = M(z(t),y(t)) and n(t) = M(x(t),y(t)). Hence, upon using the integration
factor trick, we get %(e’ Jom(s)ds (1)) = %(e*fo' n(s)dsy (1)) = 0, which implies

(3.1) x(t) = efgt m(t) dtm(O), and  y(t) = efot n(t) dty(O).

From (3.1), we can see that if ((0),y(0)) € @, then (x(t),y(t)) € Q, proving invariance
in @Q. The fundamental theorem of existence and uniqueness for differential equations
guarantees that a solution curve will lie inside the first quadrant and has no intersec-
tion with the coordinate axes. Thus, the nonnegative quadrant R?\(0,0) is invariant
for system (2.3).

We have seen that x(¢) > 0 and y(t) > 0; hence, it suffices to prove that the
solutions do not cross the hypotenuse given by z+y = 7. From the positivity property
of our solutions, we can see that

x’—l—y’ﬁrm(l—%) —myzrm(l—%) —m(n—x)=F(x).

The maximum of the parabolic function F(x) on 0 < z, obtained by setting its
derivative to zero, is at Z = £ (r +m). Hence,

2
Fia) < F(@) =+ (-4 1) (- m) = (o rm) ) <0

if n is chosen large enough. ]

3.2. Equilibria and their stability. For an autonomous system (2.3), equi-
librium points are steady state solutions. They can be determined as a solution of
F =0, where F = [‘fl—f, %]T. The invariant nullclines of model (2.3) represent two key
scenarios: the exponential extinction of the consumer in the absence of the resource
and the logistic growth of the resource in the absence of the consumer, respectively.
The stability of the boundary equilibrium E* = (k,0) is determined by the logistic
dynamics of the resource when consumers are absent. The co-existing or interior equi-
librium E* = (z*,y*) points of the system (2.3) are the points of intersection of the

nullclines given by

_ x Blxy)y
(3.2) hlz,y)=r (1 B E) 14 hB(zy)w 0
Falay) = ey By,

YT hB )T

The slope of the fa(z,y) =0 nullcline is clearly negative (% < 0), indicating that the
nullcline is a decreasing function of z in the first quadrant. The nullcline f;(z,y) =0
intersects the coordinate axes at [k,0] and [0,yo], where yo > 0 is the unique solution

of y= boia. In the first quadrant, the partial derivative
) h 2 /
O ()= _ B(x,y) + hap*(z,y) +22/ﬁ () _,
dy (1+hp(z,y)x)
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F1G. 2. Nullclines of the system (2.3) for different k values.

is negative, ensuring that the resource nullcline behaves as a continuous function.
By the implicit function theorem, the resource nullcline remains smooth and well-
defined in the first quadrant. The system (2.3) possesses an interior equilibrium point
at the intersection of the nullclines within the first quadrant. From the geometric
structure of the nullclines, it is evident that they either do not intersect (red curve
in Figure 2) or intersect twice (green curve in Figure 2); color images are available
online. Consequently, the model (2.3) either has no positive equilibrium or a pair
of positive equilibria. Additionally, a transient equilibrium point of multiplicity two
exists between these two system states, as illustrated by the cyan curve in Figure 2.
This behavior is a general characteristic of the nullclines. Figure 2 further highlights
the possible intersection patterns of the nullclines.

Letting «* € (0,k) with k& > 0, a coexistence equilibrium E* of system (2.3) has
to satisfy

z* =k Lo = Ly
' o AL
D DR
where A(y*) := B(z* € (0,k),y*), L1 = eye_ygm, and Ly = gty It ey — hm <0,

no coexistence equilibrium exists. Therefore, e, — hm > 0 is a valid assumption,
which also implies L; > 0 and Ly > 0. That gives that the necessary condition for
the existence of the positive interior equilibrium E* = (z*,y*) of the system (2.3) is
A(y*) > Lo. From the second equation of the explicit version of the model (2.6), we
have

Y= cx(m — box (e, — hm))
z(a+bo)(ey —hm)—m’
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That gives the same condition for the coexistence equilibrium e, — hm > 0. Bio-
logically, if the mortality rate of a consumer is less than the ratio of a conversion
coefficient and handling time, then a coexistence equilibrium point becomes possible.
The component x* of the co-existing equilibrium point E* is a root of the quadratic
equation

(3.4) asx® — ayx 4 ag =0.

Here, as = r(a + b)(ey, — hm), a1 = kr(a + b)(ey, — hm) + bkm(e, — hm) + mr, and
ag = km? + kmr. Since a; > 0, the polynomial equation (3.4) can have at most
two positive solutions, which correspond to the two possible co-existing equilibrium
points.

THEOREM 3.2. The consumer-only equilibrium E* = (k,0) is locally asymptoti-
cally stable if Co = % <1.

Proof. The Jacobian matrix of the system (2.3) evaluated at E(z,y) is

aE)= [y o],

bio  bo
where
a7 — 2% _ ay® + boy(cz +y)* ’
k (ahzy + bohx(cx +y) + cx + y) 2
- x (=bo(cx 4+ y) (2ahay + bohx(cx + y) + cx + y) — ay(ahxy + 2cx + y))
(ahzy + bohz(cx +y) + cx +y) 2 ’
big eyy (ay? + bo(cz +y)?)

(ahzy + bohz(cx +y) + cx +y) 2’

b — G4 (bo(cz +y) (2ahay + boha(cx +y) + cx +y) + ay(ahzy + 2cx +y)) .
ot (ahzy + bohx(cx +y) + cx +y) 2

For stability, we show that all the eigenvalues of the Jacobian of the model (2.3)

evaluated at the E* have the negative real part. The Jacobian J* evaluated at the

E* is given by

L, bock?
gk — bochk? + ck
boeyk
—————-m
bohk +1
The Jacobian J* has the following eigenvalues:
boe k
A =— A= —— 24— —
SR WA SIS R
Clearly, A\; <0, and
boe k
Ao=—2— —m=m(Cy—1).
2= k1 =G

This implies that Ay <0 if Cy < 1. On the other hand, if Co =1, A\ = —r and Ay =0.
This also indicates that E¥ is stable. The above result implies that it is possible
for consumers to go extinct from the system (when Cp < 1) if the initial size of the
consumer population is in the basin of attraction of the equilibrium point E*. 0

Now, we show the stability of the interior equilibrium E* of the system (2.3) in
the theorem below.
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THEOREM 3.3. Consider the interior equilibrium points EY and E35 of system
(2.3). The following statements describe their local stability properties:
1. The interior equilibrium point E5, whenever it exists, is always a saddle point.
2. The equilibrium EY is locally asymptotically stable if the following inequality
holds,

kyi — hmxi?  1— (e, — hm)z}
1 (ayt +1)ay

<0,

and unstable if the expression is positive.

Proof. (1) Since we do not have the explicit expressions for the positive equilibria,
we discuss their stability using the slope of nullclines at E*. The Jacobian matrix
evaluated at an interior equilibrium point E*(x*,y*) is given by

LOh OhT [ Ohdy oh

»_ | Oz oy | _ Oy dx dy

TEV=| Of 0| =\ ohay™  of
Ox Ay y@y dx yay (2% 5%

(fi) .
Here, d’{i; denotes the slope of the tangent line to the curve f;(x,y) =0. Now, the

determinant of the Jacobian matrix evaluated at E* becomes

oy (0RO (A dy)
(3.5) Det(J(E™)) = (:Ey oy Oy < dz dx (x*,y*).
Note that
dy

. (bo(cz + y) (2ahay + cx + y) + ay(ahay + 2cx + y) + b3ha(cz + y)?) —0
- (y(ahz + bohx + 1) + cx(bghz + 1))? ’
dfa(z",y")

Yy
_ & (2czy(a+ bo)(boha + 1) + y*(a + bo) (hz(a + by) + 1) + boc?x? (boha + 1))
(z(hy(a+ bo) + bochx + ¢) + y)?

> 0.

Suppose that 6, and 6 are the angles of inclination of the tangents to fi(z,y) =0
and fa(x,y) =0 at E3, respectively (see Figure 3). We observe that T < 60; <6, <7
holds whenever E exists, which implies

dz
Hence, we find Det(J(E3)) <0 from (3.5) and therefore Ej is a saddle point.
(2) For co-existing equilibrium E7f, we find

[ — < [ —
d.’I; (xl » Y1 ) dm
Therefore, Det(J(E7)) > 0 and the stability of E depends on the sign of the trace of
the Jacobian matrix J(E7):
ku* — h *2 1— —h *
TI'(J(ET)) _ (E% +y% — Y1 mi; (ey m)‘rl
Oz T x¥ (ay; +1)x7

(73,y3) > W(ﬂf%%)

(=7, 7).
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Fic. 3. Locations of various equlibria: orange and blue color curves denote the resource and
consumer nullclines, respectively.

Therefore, E} is asymptotically stable if the expression on the right-hand side is
negative and unstable if it is positive. ]

Remark 3.4. From (3.3) we get that the necessary condition for the existence of
the positive interior equilibrium E* = (z*,y*) of the system (2.3) is A(y*) > Lo, which
gives Cy > 1.

4. Bifurcation analysis. In this section, we examine the bifurcations of model
(2.3) by identifying the critical parameter values and the conditions under which
bifurcations occur. These bifurcations reveal how the system’s dynamics change qual-
itatively in response to parameter variations, highlighting key transitions in behavior.

4.1. Fold bifurcation. From the y* condition in (3.3), we obtain the following
implicit function,

F(y*) =y*A*(y*) — Li(A(y*) — La) =0

,of the nonzero consumer equilibrium y* (having one-to-one correspondence to the
nonzero resource equilibrium z* via (3.3)). In a limit point related to merging and
disappearance of two equilibria on a fold of the equilibrium manifold, the value of y*
satisfies F/(y*) =0, which can be equivalently expressed as

(4.1) A3 (y*) = L1(2La — A(y™))N' (y*) =0.

Recall that A(y) is smooth. In Appendix B, we show that this condition is both nec-
essary and sufficient for vanishing of the Jacobian of the model (2.3) at a coexistence
equilibrium. It is obvious that for y* to be a limit point, it has to satisfy A(y*) < 2Ls
since A’'(y*) > 0 and (4.1) holds. For our specific family of functional responses (2.5)
we are most interested in how dynamics of the model (2.3) vary. Using the expres-
sion (2.4), the fold bifurcation manifolds can be written in polynomial form at the
coexistence equilibrium E* = (z*,y*) (z* € (0,k)) as

Copyright (©) by SIAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/24/25 to 129.128.216.34 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

2200 SHOHEL AHMED, XIAO HAN, AND HAO WANG

(A— Ly
—a(A — by)*(2Ly — A)

AW 1) )
)

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
¥
|
|
|
|
|
|
|
|
|
|
|
|

F1G. 4. Schematic diagram for the fold bifurcation condition (4.2).

(4.2) (A — Ly)? = a(A —bg)* (2L — A),
where a = aCeTr. The fold bifurcation can be interpreted as a catastrophe when it
leads to a sudden decline in the density of a threatened or exploited population, or as
a benefit when it results in a sudden increase in resource density. Conversely, it can
also represent a rapid population increase under certain conditions. Importantly, the
shape of the fold manifold (its roots) explicitly depends on the consumer minimum
attack rate (bg), while its overall structure is influenced by other key parameters. A
schematic diagram illustrating the fold bifurcation condition is provided in Figure 4.

4.2. Hopf bifurcation. The coexistence equilibrium can undergo a Hopf bifur-
cation, indicating a local qualitative change in the phase space. At this bifurcation
point, a periodic solution either emerges from or disappears at the equilibrium as
the bifurcation parameter crosses a critical value. This occurs when the real parts of
both eigenvalues of the Jacobian transversally cross zero, leading to the appearance of
two purely imaginary eigenvalues at the coexistence equilibrium. The necessary con-
dition for the occurrence of a Hopf bifurcation curve at the coexistence equilibrium
E* = (x*,y*) is

Ly — mh(A — Ly))A?
4. PG

(43) eym(A — L) ’
and

(4.4) A3 —Ly(2L5 — M)A >0,

where A = A(y*). The condition (4.3) ensures that the trace of the Jacobian of
model (2.3) vanishes at a coexistence equilibrium, and the condition (4.4) guarantees
the positivity of the Jacobian at this equilibrium. In Appendix C, we prove that
condition (4.3) is both necessary and sufficient for the vanishing trace of the Jacobian.
Substituting A’ from (4.3) into (4.4), the condition (4.4) can be rewritten as

(4.5) A(A = L2) >m (A —2Ly) (A—L2772>7

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/24/25 to 129.128.216.34 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

BEHAVIORAL PLASTICITY IN CONSUMER-RESOURCE MODELS 2201

l
—A(A— L)
— 11 (A — 2L)(A — Lon)

|
|
2 0 T\2 6

— A(y") / :
AlUirps) |

i

|

|

|

|

|

|

F1c. 5. Schematic diagram for the Hopf bifurcation condition (4.5).

where 7 = - i};lm and 7y = ey}-;sm' A graphical representation of the inequality (4.5)

is shown in ﬁigure 5. In this figure, the convex parabolas correspond to the left-hand
and right-hand sides of expression (4.5), and A(yj,,) is the unique point where
they intersect. Since we are specifically considering the case of consumer-resource
coexistence, where the condition A(y*) > Ls holds, it is clear that (4.5) remains valid
for all A(y*) values lying between the roots of the right-hand side of expression (4.5).
We have seen that the stability of E* depends on the sign of Tr(J(E*)) through
condition (4.5). Here, we consider k as a bifurcation parameter. We have chosen k as
the bifurcation parameter of the Hopf bifurcation but any other parameter is a valid
choice. k has been chosen in order to respect traditions as the paradox of enrichment
was described with respect to k [32]. Now, E* loses its stability when the sign of
Tr(J(E*)) changes from negative to positive due to variation of k. The co-existing
equilibrium E* of the system (2.3) undergoes a Hopf bifurcation at k = kgopys if

Det(J(E*; k= kirops)) >0 and % (Te(J(E"))) £0.

k=KHops

To determine the stability and direction of Hopf bifurcations near the positive equi-
librium E*, we analyze the first Lyapunov coefficient /; using the following theorem.

THEOREM 4.1. Let the model (2.3) undergo a Hopf bifurcation at the equilibrium
point E*(x7,y1) with respect to the parameter k at the bifurcation point k = kpopy.
If the First Lyapunov coefficient l1 # 0, the Hopf bifurcation is supercritical if 11 <0,
and it is subcritical if Iy >0, 11 is calculated in the proof of the theorem.

The detailed proof of this theorem is provided in [29], and in Appendix C we give
the explicit expression for I;. Due to the lack of an explicit expression for the coexis-
tence equilibrium E*, determining the sign of [; analytically is not feasible. However,
numerical analysis shows that a Hopf bifurcation occurs around E* = (0.32,1.3) at
krops = 1.4 (see Figure 8(b)). The first Lyapunov coefficient is [; = —5.453 < 0,
indicating a supercritical Hopf bifurcation. In consumer-resource systems, a Hopf bi-
furcation signals the transition from stable coexistence to periodic oscillations, where
population densities fluctuate with parameter changes. This behavior can drive popu-
lations to low levels, risking extinction. If resources vanish first, consumers collapse; if
consumers vanish, resources may recover or also disappear, depending on conditions.
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4.3. Transcritical bifurcation. Due to the transcritical bifurcation, a coexis-
tence equilibrium E* merges with the resource-only equilibrium E¥.

THEOREM 4.2 (transcritical bifurcation for E¥). The necessary condition of tran-
scritical bifurcation of boundary equilibrium is E* is B(x*,0) = Ly with x* € (0, k).

The above Theorem 4.2 gives the boundary for the k for a possible extinction of
EF if
m

This phenomenon significantly impacts the consumer population. When k exceeds
the critical bifurcation value, the resource-only equilibrium E* becomes the sole sta-
ble state, leading to consumer extinction. Additionally, condition (4.6) highlights
that factors like the consumer’s minimum attack rate (bg), mortality rate (m), and
conversion efficiency (e) are crucial for the persistence and survival of the consumer
population.

5. Numerical results. In this section, we perform numerical simulations to cor-
roborate the theoretical results and explore key dynamical features of system (2.3).
Figures 6 and 7 present the sensitivity heat map (SHM) and parameter sensitivity
analysis (PSA) for the resource (x) and consumer (y) populations with respect to
various parameters. The SHM and PSA effectively assess model sensitivity, illus-
trating how perturbations in parameter space influence state variables. The SHM
groups parameter sensitivities for each state variable, while the PSA quantifies the
sensitivity of output state variables to individual parameters. These methods leverage
the property that perturbations in high-dimensional parameter space often produce
low-dimensional changes in output variables [14]. Figure 6 shows the SHM under sta-
ble and oscillatory coexistence conditions. Positive values indicate that the relative
change in the parameter leads to a rise in population density, while negative values

Consumer ( Consumer (

0.50
0.35
0.19

0.04
Resource (x

27.28

19.02

10.77

Resource (x) 251

-14.00

-22.26

-30.51

T|me Time

(a) (b)

F1G. 6. SHM for the model (2.3) (a) under a stable coezistence condition and (b) under an
oscillatory coexistence condition.
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F1G. 7. Local sensitivity analysis of model (2.3).

suggest a decline. In the stable coexistence scenario (Figure 6(a)), parameter-induced
density changes occur primarily during the initial transient phase, after which the sys-
tem stabilizes and becomes less sensitive. In contrast, the oscillatory coexistence case
(Figure 6(b)) shows periodic fluctuations in sensitivity, corresponding to the cyclical
nature of the population dynamics. Overall, the consumer population demonstrates
greater sensitivity to parameter changes than the resource population, indicating a
stronger density response to perturbations. Figure 7 analyzes the sensitivity of out-
put state variables to individual parameters, highlighting their influence on resource
and consumer dynamics. The consumer population is particularly sensitive to the
minimum attack rate (bg), where small changes significantly affect its dynamics. The
carrying capacity (k) and predation rate (a) positively influence the consumer popu-
lation, with k also playing a key role in resource growth. Higher consumer mortality
rates (m) negatively impact the consumer population size. This analysis identifies by,
k, a, and m as critical drivers of system behavior and stability.

To investigate the effect of the consumer mortality rate (m), we vary the parame-
ter m while keeping all other parameters fixed as in Table 1. For very low values of m,
the system exhibits an interior positive equilibrium E*, which corresponds to a stable
limit cycle, and a boundary equilibrium E*, which behaves as a saddle point (see Fig-
ure 8(a)). As the mortality rate m increases, the amplitude of the limit cycle declines,
and at m = 0.35 (denoted as mpepy), the limit cycle disappears. At this point, the
system transitions to a stable interior equilibrium E;. To confirm the occurrence of a
Hopf bifurcation at m =mpg,pr, we verify the condition: (dlj‘;y(ﬁ))m:mmpf = —0.028.
This condition ensures that a limit cycle exists for m < mpgops. According to Theorem
4.1, the system undergoes a Hopf bifurcation at m = mpg,ps. The first Lyapunov coef-
ficient is calculated as [; = —0.39, indicating that the Hopf bifurcation is supercritical
and that the bifurcated limit cycle I'y is stable. For m > mpgop¢, the system stabilizes
at the interior equilibrium E*. As m continues to increase, the system reaches a crit-
ical threshold mp = 0.45, where a bistable behavior emerges between the equilibria
E* and EF. At m = Myold, the system undergoes a saddle-node bifurcation, leav-
ing E* as the only remaining equilibrium, which becomes globally stable. From an
ecological perspective, at low mortality rates, the system supports coexistence, with
resource and consumer populations exhibiting oscillations (limit cycles). As mortality
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F1G. 8. Bifurcation diagram of internal positive equilibrium (E*) for the model (2.3) for bg =0.5:
(a) wvariation with mortality rate (m); (b) variation with carrying capacity (k). The corresponding
equilibrium labels shown in the right panels also apply to the left panels.

increases, the consumer population declines, and the system stabilizes at an interior
equilibrium. Further increases in mortality lead to the extinction of the consumer
population, leaving only a stable resource equilibrium.

To examine the effect of food supply through the carrying capacity (k) in our
model, we fix by = 0.5 and keep all other parameters the same as in Table 1. Figure
8(b) presents bifurcation diagrams for the consumer-resource system. For lower values
of k, the system exhibits a boundary equilibrium point E*, which is asymptotically
stable, up to k = 1.2 (denoted as kyoq), where a fold bifurcation occurs. Beyond
this point, both the boundary and interior equilibrium points coexist and remain
stable until they collide. For k& > kp, the boundary equilibrium points disappear.
At k=15 (denoted as kgopy), the system undergoes a Hopf bifurcation, leading to
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F1G. 9. Two-parameter bifurcation diagram of model (2.3) showing the effects of resource car-
rying capacity (k) with (a) consumer mortality rate (m) at bg = 0.5, (b) minimum attack rate (bg)
at m = 0.33. Regions are labeled as E: extinction, SC: stationary coezistence, and OC: oscillatory
coezistence.

the emergence of a stable limit cycle, and the interior equilibrium point E; becomes
unstable. The amplitude of the limit cycle grows as the carrying capacity increases.

To analyze the combined effects of mortality rate (m) and carrying capacity (k)
in our model, we vary m and k while keeping all other parameters fixed as in Table
1. The resulting behavior of the system allows the mk-plane to be partitioned into
distinct regions, separated by three bifurcation curves: the fold curve (red), the Hopf
curve (blue), and the transcritical curve (black) (see Figure 9(a)). (Color images are
available online.) In the top-left region labeled (OC), the system exhibits oscillatory
coexistence, where stable limit cycles emerge around the interior equilibrium FE*,
indicating periodic dynamics between the consumer and resource populations. The
corresponding phase portrait for m = 0.33,k = 2 is shown in Figure 10(e). Moving
downward and rightward, the (SC) region represents stable coexistence, where the
system stabilizes at an interior equilibrium E*. The phase portrait for m =0.33,k =
1.2 is presented in Figure 10(c). The intermediate region labeled (SC or E) lies
between the fold and transcritical curves and represents bistability, where both a
stable interior equilibrium and a boundary equilibrium coexist. The corresponding
phase portrait for m = 0.33,k = 0.5 is shown in Figure 10(b). In the bottom-right
region labeled (E), higher mortality rates (m) and lower carrying capacities (k) cause
the consumer population to collapse, leaving only the resource population at the
boundary equilibrium E*. The corresponding phase portrait for m = 0.33,k = 0.2
is presented in Figure 10(a). The Hopf curve marks the transition where oscillatory
dynamics emerge via a Hopf bifurcation, while the fold curve denotes the point where
equilibria collide and disappear. The transcritical curve signals the shift between
boundary and interior equilibria. Overall, this analysis demonstrates that increasing
food supply (through higher k) or reducing consumer mortality (m) can promote
coexistence, while higher mortality and limited food supply drive the system toward
extinction dynamics.
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F1G. 10. Phase portrait in each of the regions Ri — Rs shown in Figure 9(b). Parameters
values are (a) Ri: bg = 0.2,k = 0.5, (b) Ra: bp = 0.1,k = 1.5, (¢c) R3: bp = 0.8,k =1.2, (d) Ra:
bo=0.1,k=2.2, (e) Rs5: bo=0.5,k=2.

Figures 9(b) and 10 illustrate how the minimum attack rate by and resource
carrying capacity k shape the consumer-resource system dynamics. At low carry-
ing capacity, regardless of the attack rate, the system undergoes population collapse
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TABLE 2
Equilibrium dynamics across the regions shown in Figure 9(b).

Phase dynamics  EF EY E3 Remarks

R; [Figure 10(a)]  Stable - - EF is asymptotically stable.

R, [Figure 10(b)] Stable Stable Saddle E* and E} are asymptotically stable.
R3 [Figure 10(c)] Saddle Stable - E; is asymptotically stable.

Ry [Figure 10(d)] Stable Unstable Saddle E* is asymptotically stable and
there is a stable limit cycle around Ej.

Rs [Figure 10(e)] Saddle Unstable - There is a stable limit cycle around Ej.
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Fic. 11. Two parameter bifurcation diagram of Rosenzweig—MacArthur model (2.1) for con-
sumer carrying capacity (k) and attack rate (Br).

(Region I), where consumers fail to survive due to insufficient resources, leaving only
the resource population [12]. At moderate values of k and attack rates, the system
enters a bistable state (Region IT), where the consumer population can coexist with
the resource at an interior equilibrium or collapse to a boundary equilibrium, de-
pending on initial conditions, where a minimum resource density is required to avoid
extinction [11]. The resource density at the coexistence equilibrium increases with
k, expanding the basin of attraction and promoting resource persistence. Crossing
the transcritical bifurcation manifold (Region III) leads to stable coexistence, where
resource growth and consumer consumption balance. At higher k& and lower attack
rates, oscillatory coexistence emerges (Regions IV and V). Here, the system exhibits
periodic consumer-resource dynamics, where consumer populations rise with resource
abundance and decline as resources deplete. The amplitude of these cycles increases
with k, aligning with the paradox of enrichment. The fold, Hopf, and transcritical
bifurcation curves mark critical thresholds between collapse, stable coexistence, and
oscillations, providing insights into ecological balance and species persistence.

Table 2 summarizes the equilibria dynamics across regions R; to Rs, as illustrated
in the bifurcation structure.

To compare the bifurcation structures of models (2.1) and (2.3), we present
the bifurcation diagram of model (2.1) in Figure 11, illustrating how the resource
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carrying capacity k and the attack rate parameter g affect the system dynamics. In
the Rosenzweig-MacArthur model (2.1), the system exhibits three distinct regions:
population collapse (E), stable coexistence (SC), and oscillatory coexistence (OC).
At lower resource carrying capacities and higher attack rates, the system collapses
to extinction (E), while higher carrying capacities allow stable coexistence or oscil-
lations to emerge through a Hopf bifurcation. In contrast to model (2.3), which
introduces more complexity with five regions (I, II, III, IV, and V), separated by
fold, Hopf, and transcritical bifurcation curves. The additional dynamics include re-
gions of bistability (IT), where stable coexistence and population collapse coexist, and
mixed oscillatory behavior (IV), where limit cycles or equilibrium points emerge de-
pending on system parameters. The inclusion of a minimum attack rate by further
refines the behavior of the system, leading to richer dynamical results compared to
the classical Rosenzweig—-MacArthur model. Both models share similar fundamental
behaviors (collapse, coexistence, and oscillations), while the new model captures ad-
ditional ecological complexity, such as bistability and transitions influenced by both
resource carrying capacity and attack rate parameters.

6. Discussion. The relationship between consumers and resources is a funda-
mental interaction that shapes ecosystems and influences population dynamics. Tra-
ditional mathematical approaches in behavioral and evolutionary ecology often focus
on average behavior, neglecting individual differences and their functional signifi-
cance in consumer-resource systems. Several studies have highlighted the impact
of consumer behavior, particularly bold and shy strategies, on population dynamics
[47, 15, 34]. Observations and empirical evidence across different trophic levels have
provided valuable insights into behavioral interactions in real populations [26, 9, 21].
While empirical studies on animal behavior have garnered considerable attention, the
role of behavioral variability in mathematical models remains underexplored. To ad-
dress this gap, we propose a novel consumer-resource model (2.3) that incorporates
consumer behavioral responses based on the ratio of resource and consumer densi-
ties. This model provides a framework for understanding how behavioral strategies
influence population-level dynamics and resource consumption.

We examined the nonnegativity and boundedness of solutions for model (2.3),
where the solutions are unique and remain nonnegative within the invariant set. Our
analysis identified the conditions for different types of equilibria, showing that the
resource-only equilibrium exists when the consumer’s threshold consumption (Cp) is
less than 1. Furthermore, we demonstrated that if the consumer’s mortality rate
exceeds the ratio of conversion efficiency to handling time, the interior equilibrium
becomes stable, leading to the extinction of the consumer population regardless of
its initial size. We derived conditions for the existence and nonexistence of positive
steady states and observed that the system can exhibit either two positive equilibria
or no positive equilibrium point.

In this study, we examined the core effects of boldness-mediated foraging behavior
on consumer-resource dynamics, without introducing additional confounding factors.
This simplification allowed us to focus on the behavioral feedback loop between food
availability (modeled via the carrying capacity k) and consumer effort (influenced by
the baseline boldness level bg). Our analysis focuses on the coexistence equilibria
and the bifurcations they undergo for specific parameter values, including fold, Hopf,
and transcritical bifurcations. We derived the necessary and sufficient conditions for
these bifurcations and provided formulae describing the bifurcation manifolds for a
system with a general encounter rate function, which, to the best of our knowledge,
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TABLE 3
Survival status of the consumer at different levels of food and aggressiveness.

Food supply— Low Moderate High
Aggressiveness |
Low Model (2.1): E Model (2.1): E Model (2.1): E
Model (2.3): E Model (2.3): E/SE Model (2.3): E/OE
Moderate Model (2.1): E Model (2.1): E Model (2.1): SE
Model (2.3): E Model (2.3): E/SE Model (2.3): OE
High Model (2.1): E Model (2.1): SE Model (2.1): OE*
Model (2.3): E Model (2.3): SE Model (2.3): OE

E: extinction; SE: stable existence; OE: oscillatory existence.
* Needs more food supply.

has not been studied before. The bifurcation analysis reveals that consumer foraging
aggressiveness is generally beneficial for the consumer population, which aligns with
empirical studies. However, we found that when resource densities are low, increased
foraging aggressiveness can lead to consumer extinction, with the critical resource
density threshold determined by the fold bifurcation manifold (4.2). This finding
aligns with previously published results [11], highlighting the risks of bold behavior
under resource scarcity.

The inclusion of behavioral dynamics enhances the system described by model
(2.3), producing richer and more complex dynamics compared to the Rosenzweig—
MacArthur model (2.1). Table 3 highlights the differences between the two models
in predicting consumer survival under varying food availability and aggressiveness.
Biologically, at low food supply, both models predict consumer extinction due to
insufficient resources. Under moderate food supply, model (2.1) still leads to extinc-
tion, while model (2.3) supports stable consumer survival or oscillatory dynamics at
higher levels of aggressiveness, showcasing the role of behavioral variation. At high
food supply, model (2.1) predicts oscillatory survival only when aggressiveness is high
and requires additional food input for persistence. In contrast, model (2.3) consis-
tently supports consumer survival through stable or oscillatory dynamics, even under
varying levels of aggressiveness. These findings indicate that model (2.3) better incor-
porates the influence of behavioral traits, such as boldness and aggressiveness, along
with resource availability on consumer persistence and population stability. Overall,
under moderate food supply, a higher rate of consumer boldness emerges as the most
advantageous and stable strategy for survival.

In this paper, we focused on a personality-driven consumer-resource model. How-
ever, consumer-resource interactions in natural communities are far more complex.
For example, intraspecific competition among consumers is frequently observed [8],
and intense competition can lead to the exclusion or extinction of weaker individu-
als or species. Additionally, studies have shown that consumer foraging behavior is
strongly influenced by the presence of predation risk [45, 5]. Furthermore, consumer
behavioral responses are also shaped by internal factors such as their fitness state, size,
and age [43]. Incorporating these additional factors into future research could provide
a more comprehensive and realistic understanding of consumer-resource dynamics and
highlight the role of animal personality in shaping ecological communities.

Appendix A. Details of the data fitting. In the NLS approach, we assume
that the z and y coordinates of the data are exact, but the corresponding functional
response values may contain noise or distortions. The goal is to fit a solution curve
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through the data such that the sum of the squares of the vertical distances between

the observed data points and the curve is minimized. This distance is referred to as

the least-squares error. Next, we illustrate how to use the NLS method to estimate

unknown parameters.

Step 1. Data collection. In particular, suppose we are fitting the functional response
f(z,y) with the given data points

{(z17y15f1)7 (l’g,yz,fg), e 'a(mnaynafn)}'

Step 2. NLS fitting. The basic problem is to determine the set of parameters 6 that
minimizes the following sum-of-squares error (SSE):

(A1) SSE(H)ZinnZ{f(xi7yi,9)—f(xi,yi)}Q,

where f(x;,y;,0) represents the functional response at (z;,y;) with parameter
0 and f(xi,yi) represents the data of functional response at (z;, ;).

Step 3. Solve the NLS problem numerically. We use a MATLAB function fminsearch
which takes the least-squares error function SSE(#) and an initial guess of the
parameter value 6y and uses a direct search routine to find a minimum value
of least-squares error.

Step 4. Compute confidence intervals. We compute the approximate 100(1 — )%
confidence intervals for each parameter given by

a o tnacs | SE

n—p

where £, /2, is the critical value from the student’s ¢-distribution with n—p
degrees of freedom, p is the number of parameters, and n is the number of
data points. J is the Jacobian matrix evaluated at 6.

The parameters 6 = (b, a, ¢, h) are estimated using field experiment data involving
herbivorous fish and their resource, algae, collected from a near-pristine reef ecosys-
tem [16]. Most of the initial parameter values are derived from existing literature
[32, 6], except for those related to (2.4). The estimated parameters for model (2.3)
are summarized in Table 1.

Appendix B. Details of the fold bifurcation. Here, we demonstrate that if
a coexistence equilibrium of model (2.3) exists, then the condition (4.1) is equivalent
to the Jacobian of the model having one zero eigenvalue when evaluated at this equi-
librium. To proceed, we define a function G(x,y) such that f(x,y)=xG(x,y), where
f(z,y) represents the consumer functional response given in (2.5). Additionally, let .4
denote the Jacobian of model (2.3) and [z*,y*] represent any coexistence equilibrium
of this system. By direct computation, we obtain

2z*
(B.1) A= (“”k R AR )
eyy*g‘i’eyy*x*gz eyx*g+eyy*x*gy —m

where G = G(z*,y*), G, = 0G(a*,y*)/0x, and G, = 0G(a*,y*)/dy. Since for the
coexistence equilibrium e,z*G =m, we get
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2z*
(B.2) TTA=r—r A —y*G -y 2" Gy +eyy Gy,
2+ 2
(B.3) Det A =7 (1 - /f) e,y "Gy +my*G + ’:—yg
y
Since the functional response implies G(z,y) = %, we have
2 AgG?
gz:_g h and gyzﬁv

where A(y*) := B(z* € (0,k),y*) with z* € (0, k) with k > 0. Substituting G,., G., and
(3.3) into (B.3), we get

. & A ey —hm
(B.4) DetA=y*Gm (7“ (1 A >A2 +7ey )

As a result, condition (4.1) is equivalent to the condition det A =0 at a coexistence
equilibrium [z*,y*], which serves as a necessary condition for this equilibrium to be
a limit point.

Appendix C. Details of Hopf bifurcation. For a Hopf bifurcation to occur at
a parameter value in a two-dimensional system, real parts of the complex eigenvalues
of the Jacobian evaluated at the respective system equilibrium have to transversally
cross zero (i.e., change sign) when the parameter crosses that value. Denoting by
a the bifurcation parameter and by A.(a) £ iX;(a) the respective pair of complex
eigenvalues, we require A.(a.) =0, A\;(a.) > 0, and A (a.) # 0 at a bifurcation point
a = a. as necessary conditions for a Hopf bifurcation to occur. We note that

Ar(a) = w and  A;(a) =Det A(a),

where A(a) denotes the Jacobian evaluated at the system equilibrium corresponding
to the parameter a.

Now we will prove that if a coexistence equilibrium of the model (2.3) exists, then
condition (4.3) is necessary and sufficient for vanishing of the trace of the Jacobian
of the model (2.3) at that equilibrium. Denoting G(x,y) = f(x,y)/x, then at the
coexistence equilibrium, we have

y*er(l—l;).

Consequently, at this equilibrium, the trace (B.2) of the Jacobian of the model (2.3)
simplifies to

x* AR N
tr Az—rk—l—r(l—k)x Q(h—l—eyAz).

Since r > 0 and according to (3.3) % = % > 0 at the coexistence equilibrium, we

have
z* L2 AI
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where Lo = m Since the model (2.3) implies G = %, a necessary and suffi-
cient condition for vanishing of the trace of the Jacobian of the model (2.3) at the

coexistence equilibrium is
eA? = (k(ey — hm)A —m)(hA* + e, A'),

which is equivalent to the condition (4.3). Similar manipulation with the expression
(B.4) and replacement of A’ gives the second necessary condition (4.4).

The sign of the first Lyapunov coefficient determines the direction of the Hopf
bifurcation, which is given by

[ | otH, | 9H, | 0%H,
16| 028 021022 0230z 0z
1 | 0°H, <52H1 82H1> 0?H, <5‘2H2 32H2)

L

" Tow 021029 \ 027 022 ) 02,025 \ 022 023
| 0°H, 9*H, 0°H, 0°H,
021029 023 023 023

The higher-order terms Hi (21, 22) and Ha(z1, 22) are given by

Hy(z1,22) = P [0200017«*% — a11a0121%2 + ap2(a1021 + w22)2 +aoz(a1021 +WZ2)3] )
01

Hy(z1,29) =— (a10(020a012% —an1a012122 +ap2(a1021 +WZ2)2 +ao3(aioz1 +WZ2)3)

apiw
2 2 3
+b20a0127 —b11a0121 22 +bo2(a1021 +wz2)* +bos(a1021 +wz2)”).

Remark C.1. A similar analysis of Hopf bifurcation can be done for the other
parameters.
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