
 1 

Oikos              OIK-03985 

Tromeur, E. and Loeuille, N. 2017.Balancing yield 

with resilience and conservation objectives in 

harvested predator–prey communities. – Oikos doi: 

10.1111/oik.03985 

 

 

Appendix 1 
Analytical calculations 
In what follows, we analytically calculate the efforts that lead to the maximization of yield, the 

maximization of resilience, and the extinction of the predator in the different systems of interest.  

 

Prey and predator harvest 

When both prey and predator species are harvested, the system becomes 

�
 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑟𝑟𝑑𝑑 �1 −
𝑑𝑑
𝐾𝐾
� − 𝛾𝛾𝑑𝑑𝛾𝛾 − 𝑞𝑞𝑁𝑁𝐸𝐸𝑑𝑑    

𝑑𝑑𝛾𝛾
𝑑𝑑𝑑𝑑

= 𝑒𝑒𝛾𝛾𝑑𝑑𝛾𝛾 −𝑚𝑚𝛾𝛾 − 𝑞𝑞𝑃𝑃𝐸𝐸𝛾𝛾                
 (A1) 

At the trivial equilibrium, both densities fall to zero: 

𝑑𝑑∗ = 0       ;        𝛾𝛾∗ = 0 (Aa2) 

The analysis of stability is done by computing the Jacobian matrix 𝐽𝐽 of the system at the 

equilibrium. The two eigenvalues 𝜆𝜆1 and 𝜆𝜆2 are real and can be easily calculated. As 

𝜆𝜆1 = 𝑟𝑟 − 𝑞𝑞𝑁𝑁𝐸𝐸       𝑎𝑎𝑎𝑎𝑑𝑑        

𝜆𝜆2 = −𝑚𝑚 − 𝑞𝑞𝑃𝑃𝐸𝐸                  
(A3) 

the system is stable if 𝐸𝐸 > 𝑟𝑟/𝑞𝑞𝑁𝑁, that is if the effort is superior to the effort at which the prey 

population collapses. If 𝐸𝐸 < 𝑟𝑟/𝑞𝑞𝑁𝑁, the equilibrium is a saddle-node and new prey individuals can 

invade. In this case, the new equilibrium would be 

𝑑𝑑∗ = 𝐾𝐾(1 −
𝑞𝑞𝑁𝑁𝐸𝐸
𝑟𝑟

)       ;        𝛾𝛾∗ = 0 (A4) 

Then, the two eigenvalues 𝜆𝜆1 and 𝜆𝜆2 are real and can be easily calculated. As 
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𝜆𝜆1 = 𝑟𝑟 − 𝑞𝑞𝑁𝑁𝐸𝐸       𝑎𝑎𝑎𝑎𝑑𝑑                                         

𝜆𝜆2 = 𝑒𝑒𝛾𝛾𝐾𝐾 −𝑚𝑚 − (
𝑒𝑒𝛾𝛾𝐾𝐾
𝑟𝑟

𝑞𝑞𝑁𝑁 + 𝑞𝑞𝑃𝑃)𝐸𝐸                  
(A5) 

the system is stable if 𝐸𝐸 < 𝑟𝑟/𝑞𝑞𝑁𝑁 and 𝐸𝐸 > 𝑟𝑟(𝑒𝑒𝛾𝛾𝐾𝐾 −𝑚𝑚)/𝑒𝑒𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁 + 𝑟𝑟𝑞𝑞𝑃𝑃, that is if the effort is inferior 

to the prey extinction effort, but superior to the predator extinction effort (see below results for the 

coexistence equilibrium). 

The densities at the coexistence equilibrium are 

𝑑𝑑∗ =
𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸

𝑒𝑒𝛾𝛾
       ;        𝛾𝛾∗ =

1
𝛾𝛾
�𝑟𝑟 �1 −

(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)
𝑒𝑒𝛾𝛾𝐾𝐾

� − 𝑞𝑞𝑁𝑁𝐸𝐸� (A6) 

The predator goes to extinction when the effort is superior or equal to 

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑟𝑟(𝑒𝑒𝛾𝛾𝐾𝐾 −𝑚𝑚)
𝑒𝑒𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁 + 𝑟𝑟𝑞𝑞𝑃𝑃

 (A7) 

Note that to be positive, this effort requires that 𝑚𝑚 < 𝑒𝑒𝛾𝛾𝐾𝐾, that is that coexistence is possible in the 

unharvested equilibrium. The analysis of stability is done by computing the Jacobian matrix 𝐽𝐽 of the 

system at the equilibrium. If the trace of the Jacobian is negative and its determinant is positive, 

then the system is considered stable. As 

𝑇𝑇𝑟𝑟(𝐽𝐽∗) = −
𝑟𝑟(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)

𝑒𝑒𝛾𝛾𝐾𝐾
       𝑎𝑎𝑎𝑎𝑑𝑑        

𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗) = (𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸) �𝑟𝑟 �1 −
(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)

𝑒𝑒𝛾𝛾𝐾𝐾
� − 𝑞𝑞𝑁𝑁𝐸𝐸� 

(A8) 

the system is stable if 𝐸𝐸 < 𝑟𝑟(𝑒𝑒𝛾𝛾𝐾𝐾 −𝑚𝑚)/(𝑒𝑒𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁 + 𝑟𝑟𝑞𝑞𝑃𝑃), that is if the effort is inferior to the 

predator extinction effort. If 𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 < 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), the two eigenvalues are complex and the system 

undergoes dampened oscillations towards the equilibrium after a perturbation. This equilibrium is 

described as a stable spiral and the real part of the leading eigenvalue is 

𝑅𝑅𝑒𝑒(𝜆𝜆𝑚𝑚) =
𝑇𝑇𝑟𝑟(𝐽𝐽∗)

2
  (A9) 

It follows that the leading eigenvalue decreases with increasing efforts. In the spiral equilibrium, 

increasing the harvesting effort is thus stabilizing. Now if 𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 > 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), the two eigenvalues 

are real and the system reaches the equilibrium without oscillations. This equilibrium is described 

as a stable node and the real part of the leading eigenvalue is 

𝑅𝑅𝑒𝑒(𝜆𝜆𝑚𝑚) =
𝑇𝑇𝑟𝑟(𝐽𝐽∗) + �𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 − 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗)

2
  (A10) 

It can be shown numerically that the leading eigenvalue increases with increasing efforts. In the 

node equilibrium, increasing the harvesting effort is thus destabilizing. A spiral-to-node bifurcation 
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is found to occur when 𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 = 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), that is when 

𝐸𝐸𝐵𝐵 =
𝑟𝑟(4(𝑒𝑒𝛾𝛾𝐾𝐾)2)− (4𝑒𝑒𝛾𝛾𝐾𝐾 + 𝑟𝑟)𝑚𝑚
𝑟𝑟2𝑞𝑞𝑃𝑃 + 4𝑟𝑟𝑒𝑒𝛾𝛾𝐾𝐾𝑞𝑞𝑃𝑃 + 4(𝑒𝑒𝛾𝛾𝐾𝐾)2𝑞𝑞𝑁𝑁

= 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅  (A11) 

This bifurcation occurs for positive efforts if 𝑚𝑚/(𝑒𝑒𝛾𝛾𝐾𝐾) < 4𝑟𝑟𝑒𝑒𝛾𝛾𝐾𝐾/(4𝑒𝑒𝛾𝛾𝐾𝐾 + 𝑟𝑟). As before the 

bifurcation increasing the effort is stabilizing, and after the bifurcation decreasing the effort is 

destabilizing, at the bifurcation at stability maximum occurs: we call it ‘resilience maximizing 

yield’, or RMY. 

 At the equilibrium, catches are equal to: 

𝑞𝑞𝑁𝑁𝐸𝐸𝑑𝑑∗ + 𝑞𝑞𝑃𝑃𝐸𝐸𝛾𝛾∗ = 𝑞𝑞𝑁𝑁 �
𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸

𝑒𝑒𝛾𝛾
�𝐸𝐸 +

𝑞𝑞𝑃𝑃
𝛾𝛾
�𝑟𝑟 �1 −

(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)
𝑒𝑒𝛾𝛾𝐾𝐾

� − 𝑞𝑞𝑁𝑁𝐸𝐸�𝐸𝐸 (A12) 

As this expression is quadratic it is possible to find an effort for which catches are maximized: 

𝐸𝐸𝑅𝑅𝑀𝑀𝑅𝑅 =
1
2
𝑟𝑟𝑞𝑞𝑃𝑃(𝑒𝑒𝛾𝛾𝐾𝐾 −𝑚𝑚) + 𝑚𝑚𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁
𝑞𝑞𝑃𝑃(𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁(𝑒𝑒 − 1) + 𝑟𝑟𝑞𝑞𝑃𝑃)

 (A13) 

As 𝑚𝑚 < 𝑒𝑒𝛾𝛾𝐾𝐾, this effort is positive if 𝑞𝑞𝑁𝑁/𝑞𝑞𝑃𝑃 < 𝑟𝑟/((1 − 𝑒𝑒)𝛾𝛾𝐾𝐾)), that is for a sufficiently low prey-

to-predator catchability ratio. Moreover we can show that this effort enables the coexistence of the 

two species if 𝑚𝑚/𝑒𝑒𝛾𝛾𝐾𝐾 < 𝑟𝑟𝑞𝑞𝑃𝑃(𝑟𝑟𝑞𝑞𝑃𝑃 + (𝑒𝑒 − 2)𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁)/(𝑟𝑟𝑞𝑞𝑃𝑃(𝑟𝑟𝑞𝑞𝑃𝑃 − 𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁) + 𝑒𝑒𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁(𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁 + 𝑟𝑟𝑞𝑞𝑃𝑃)). 

Further, it follows from the expression of the effort that increasing prey catchability increases the 

MSY effort, while increasing predator catchability decreases it. 

 By replacing the MSY effort into the expression of total catches, we get the expression of 

yield at MSY: 

𝐻𝐻𝑅𝑅𝑀𝑀𝑅𝑅 =
(𝑟𝑟𝑚𝑚𝑞𝑞𝑃𝑃 − 𝛾𝛾𝐾𝐾(𝑚𝑚𝑞𝑞𝑁𝑁 + 𝑒𝑒𝑟𝑟𝑞𝑞𝑃𝑃))2

4𝑒𝑒𝛾𝛾2𝐾𝐾𝑞𝑞𝑃𝑃[(𝑒𝑒 − 1)𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁 + 𝑟𝑟]𝑞𝑞𝑃𝑃
 (A14) 

This yield is positive if 𝑞𝑞𝑁𝑁/𝑞𝑞𝑃𝑃 < 𝑟𝑟/((1 − 𝑒𝑒)𝛾𝛾𝐾𝐾)), which is the condition for a positive MSY effort. 

By differentiating this expression relatively to 𝑞𝑞𝑁𝑁, we can investigate the effect of increasing prey 

catchability on total MSY catches: 

𝜕𝜕𝐻𝐻𝑅𝑅𝑀𝑀𝑅𝑅

𝜕𝜕𝑞𝑞𝑁𝑁

=
[(𝑒𝑒 + 1)𝑟𝑟𝑚𝑚𝑞𝑞𝑃𝑃 + (𝑒𝑒 − 1)𝛾𝛾𝐾𝐾(𝑚𝑚𝑞𝑞𝑁𝑁 − 𝑒𝑒𝑟𝑟𝑞𝑞𝑃𝑃)][𝛾𝛾𝐾𝐾(𝑚𝑚𝑞𝑞𝑁𝑁 + 𝑒𝑒𝑟𝑟𝑞𝑞𝑃𝑃) − 𝑟𝑟𝑚𝑚𝑞𝑞𝑃𝑃]

4𝑒𝑒𝛾𝛾𝑞𝑞𝑃𝑃[(𝑒𝑒 − 1)𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁 + 𝑟𝑟𝑞𝑞𝑃𝑃]2  
(A15) 

As 𝑚𝑚 < 𝑒𝑒𝛾𝛾𝐾𝐾 and 𝑞𝑞𝑁𝑁/𝑞𝑞𝑃𝑃 < 𝑟𝑟/((1− 𝑒𝑒)𝛾𝛾𝐾𝐾)), this derivative is always positive. Thus, increasing 

prey catchabilities increases total catches at MSY. Likewise, we compute the influence of predator 

catchability on total yield: 
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𝜕𝜕𝐻𝐻𝑅𝑅𝑀𝑀𝑅𝑅

𝜕𝜕𝑞𝑞𝑃𝑃

=
𝑞𝑞𝑁𝑁[𝑟𝑟𝑚𝑚𝑞𝑞𝑃𝑃 − 𝛾𝛾𝐾𝐾(𝑚𝑚𝑞𝑞𝑁𝑁 + 𝑒𝑒𝑟𝑟𝑞𝑞𝑃𝑃)][(1 + 𝑒𝑒)𝑚𝑚𝑟𝑟𝑞𝑞𝑃𝑃 − (1 − 𝑒𝑒)𝛾𝛾𝐾𝐾(𝑚𝑚𝑞𝑞𝑁𝑁 − 𝑒𝑒𝑟𝑟𝑞𝑞𝑃𝑃)]

4𝑒𝑒𝛾𝛾𝑞𝑞𝑃𝑃2[(𝑒𝑒 − 1)𝛾𝛾𝐾𝐾𝑞𝑞𝑁𝑁 + 𝑟𝑟𝑞𝑞𝑃𝑃]2  
(A16) 

As 𝑚𝑚 < 𝑒𝑒𝛾𝛾𝐾𝐾 and 𝑞𝑞𝑁𝑁/𝑞𝑞𝑃𝑃 < 𝑟𝑟/((1− 𝑒𝑒)𝛾𝛾𝐾𝐾)), this derivative is always negative. Thus, increasing 

predator catchabilities decreases total catches at MSY. 

To clarify the relative effects of all parameters on the predator extinction risk, an analysis of 

the effects of all parameters on predator densities is needed. This analysis is done in Fig. A1. It 

appears that increasing 𝑟𝑟, 𝑒𝑒 and 𝑞𝑞𝑃𝑃 increases predator densities at MSY and thus reduces the 

extinction risk. The positive effect of increasing the predator catchability is due to the fact that the 

MSY effort decreases, so that the harvesting pressure on prey is lower at MSY. On the contrary, 

increasing  𝑚𝑚 and 𝑞𝑞𝑁𝑁 increases this risk. The negative effect of increasing the prey catchability is 

due to the fact that it also increases the shared MSY effort. As a result, a predator-oriented harvest 

is more sustainable than a prey-oriented harvest at MSY, as the extinction risk of the predator is 

lower. The effects of parameters 𝛾𝛾 and 𝐾𝐾 are more complex. For low parameter values, increasing 

these parameters reduces the extinction risk, but for higher parameter values, the risk increases. 

This can come from the fact that at high values the attack rate and the carrying capacity are 

respectively associated with prey depletion and high prey intraspecific competition.  

We could also compute conditions for which the effort at MSY is inferior to the effort at 

RMY. However, as these conditions are exceedingly complex, they are not so informative to our 

purpose. 

 

 
Figure A1. Sensitivity of predator equilibrium density at MSY to parameter values. For each value 

of the considered parameter, the predator equilibrium density is computed while the other 

parameters are kept constant. The extinction risk of the predator increases with decreasing predator 
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densities. (a) varying prey growth rate 𝑟𝑟. (b) varying prey carrying capacity 𝐾𝐾. (c) varying predator 

attack rate 𝛾𝛾. (d) varying predator conversion efficiency 𝑒𝑒. (e) varying predator mortality rate 𝑚𝑚. (f) 

varying prey catchability 𝑞𝑞𝑁𝑁. (g) varying predator catchability 𝑞𝑞𝑃𝑃. Constant values of the 

parameters are: 𝑟𝑟 = 1, 𝐾𝐾 = 1, 𝑚𝑚 = 0.1, 𝑒𝑒 = 0.7, 𝛾𝛾 = 1.5, 𝑞𝑞𝑁𝑁 = 0.1, 𝑞𝑞𝑃𝑃 = 0.5. 

 

 

Prey harvest 

Results can be deduced from the previous part by setting the predator catchability to zero. Densities 

at the coexistence equilibrium are 

𝑑𝑑∗ =
𝑚𝑚
𝑒𝑒𝛾𝛾

       ;        𝛾𝛾∗ =
1
𝛾𝛾
�𝑟𝑟 �1 −

𝑚𝑚
𝑒𝑒𝛾𝛾𝐾𝐾

� − 𝑞𝑞𝑁𝑁𝐸𝐸� (A17) 

This equilibrium is feasible as long as the effort is inferior to the effort at which the predator goes to 

extinction, that is 

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑟𝑟
𝑞𝑞𝑁𝑁

�1 −
𝑚𝑚
𝑒𝑒𝛾𝛾𝐾𝐾

� (A18) 

To be positive, this effort requires that 𝑚𝑚 < 𝑒𝑒𝛾𝛾𝐾𝐾, that is that coexistence is possible in the 

unharvested equilibrium. As 

𝑇𝑇𝑟𝑟(𝐽𝐽∗) = −
𝑟𝑟𝑚𝑚
𝑒𝑒𝛾𝛾

       𝑎𝑎𝑎𝑎𝑑𝑑       𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗) = 𝑚𝑚 �𝑟𝑟 �1 −
𝑚𝑚
𝑒𝑒𝛾𝛾𝐾𝐾

� − 𝑞𝑞𝑁𝑁𝐸𝐸� (A19) 

the system is stable if 𝐸𝐸 < (𝑟𝑟/𝑞𝑞𝑁𝑁)(1 −𝑚𝑚/𝑒𝑒𝛾𝛾𝐾𝐾). Then, as long as the coexistence equilibrium is 

feasible, it is also stable. If 𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 < 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), the real part of the leading eigenvalue is 

𝑅𝑅𝑒𝑒(𝜆𝜆𝑚𝑚) =
𝑇𝑇𝑟𝑟(𝐽𝐽∗)

2
  (A20) 

It follows that the leading eigenvalue is not changed by increasing efforts. Thus, in the spiral 

equilibrium, increasing the harvesting effort has no impact on stability. Now if 𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 >

4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), the real part of the leading eigenvalue is 

𝑅𝑅𝑒𝑒(𝜆𝜆𝑚𝑚) =
𝑇𝑇𝑟𝑟(𝐽𝐽∗) + �𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 − 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗)

2
  (A21) 

The leading eigenvalue then increases with increasing efforts. In the node equilibrium, increasing 

the harvesting effort is thus destabilizing. A spiral-to-node bifurcation is found to occur when 

𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 = 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), that is when 
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𝐸𝐸𝐵𝐵 =
𝑟𝑟
𝑞𝑞𝑁𝑁

�1 −
𝑚𝑚
𝑒𝑒𝛾𝛾𝐾𝐾

�1 −
𝑟𝑟
𝑒𝑒𝛾𝛾𝐾𝐾

�� (A22) 

This bifurcation occurs for positive efforts if 𝑚𝑚/(𝑒𝑒𝛾𝛾𝐾𝐾) < (𝑒𝑒𝛾𝛾𝐾𝐾)/(𝑒𝑒𝛾𝛾𝐾𝐾 − 𝑟𝑟). 

 At the equilibrium, catches are equal to: 

𝑞𝑞𝑁𝑁𝐸𝐸𝑑𝑑∗ =
𝑚𝑚𝑞𝑞𝑁𝑁
𝑒𝑒𝛾𝛾

𝐸𝐸 (A23) 

As catches depend linearly on effort, maximizing catches will imply to increase the effort until the 

predator population collapses. Afterwards, the effort has to be adjusted to reach the MSY of the 

prey population with the following dynamics: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑟𝑟𝑑𝑑 �1 −
𝑑𝑑
𝐾𝐾
� − 𝛾𝛾𝑑𝑑𝛾𝛾 − 𝑞𝑞𝑁𝑁𝐸𝐸𝑑𝑑 (A24) 

which equilibrium density is equal to 𝑑𝑑∗ = 𝐾𝐾(1 − 𝑞𝑞𝑁𝑁𝐸𝐸/𝑟𝑟). In that case, catches are maximized 

when the effort is equal to 𝑟𝑟/(2𝑞𝑞𝑁𝑁). 

 

Predator harvest 

Results can be deduced from the first part of the Appendix by setting the prey catchability to zero. 

Densities at the coexistence equilibrium are 

𝑑𝑑∗ =
𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸

𝑒𝑒𝛾𝛾
       ;        𝛾𝛾∗ =

𝑟𝑟
𝛾𝛾
�1 −

(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)
𝑒𝑒𝛾𝛾𝐾𝐾

� (A25) 

This equilibrium is feasible as long as the effort is inferior to the effort at which the predator goes to 

extinction, that is 

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑒𝑒𝛾𝛾𝐾𝐾
𝑞𝑞𝑃𝑃

�1 −
𝑚𝑚
𝑒𝑒𝛾𝛾𝐾𝐾

� (A26) 

To be positive, this effort requires that 𝑚𝑚 < 𝑒𝑒𝛾𝛾𝐾𝐾, that is that coexistence is possible in the 

unharvested equilibrium. As 

𝑇𝑇𝑟𝑟(𝐽𝐽∗) = −
𝑟𝑟(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)

𝑒𝑒𝛾𝛾𝐾𝐾
       𝑎𝑎𝑎𝑎𝑑𝑑        

𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗) = 𝑟𝑟(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)�1 −
(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)

𝑒𝑒𝛾𝛾𝐾𝐾
� 

(A27) 

the system is stable if 𝐸𝐸 < (𝑒𝑒𝛾𝛾𝐾𝐾 −𝑚𝑚)/𝑞𝑞𝑃𝑃. Then, as long as the coexistence equilibrium is feasible, 

it is also stable. If 𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 < 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), the real part of the leading eigenvalue is 
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𝑅𝑅𝑒𝑒(𝜆𝜆𝑚𝑚) =
𝑇𝑇𝑟𝑟(𝐽𝐽∗)

2
  (A28) 

It follows that the leading eigenvalue decreases with increasing efforts. In the spiral equilibrium, 

increasing the harvesting effort is thus stabilizing. Now if 𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 > 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), the real part of the 

leading eigenvalue is 

𝑅𝑅𝑒𝑒(𝜆𝜆𝑚𝑚) =
𝑇𝑇𝑟𝑟(𝐽𝐽∗) + �𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 − 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗)

2
  (A29) 

It can be shown numerically that the leading eigenvalue increases with increasing efforts (Fig. 2). In 

the node equilibrium, increasing the harvesting effort is thus destabilizing. A spiral-to-node 

bifurcation is found to occur when 𝑇𝑇𝑟𝑟(𝐽𝐽∗)2 = 4𝐷𝐷𝑒𝑒𝑑𝑑(𝐽𝐽∗), that is when 

𝐸𝐸𝐵𝐵 =
𝑒𝑒𝛾𝛾𝐾𝐾
𝑞𝑞𝑃𝑃

�
4𝑒𝑒𝛾𝛾𝐾𝐾

4𝑒𝑒𝛾𝛾𝐾𝐾 + 𝑟𝑟
−

𝑚𝑚
𝑒𝑒𝛾𝛾𝐾𝐾

� = 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅   (A30) 

At the bifurcation a stability maximum occurs: we call it resilience maximizing yield, or RMY. 

 At the equilibrium, catches are equal to: 

𝑞𝑞𝑃𝑃𝐸𝐸𝛾𝛾∗ = 𝑞𝑞𝑃𝑃
𝑟𝑟
𝛾𝛾
�1 −

(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)
𝑒𝑒𝛾𝛾𝐾𝐾

�𝐸𝐸 (A31) 

As this expression is quadratic it is possible to find an effort for which catches are maximized: 

𝐸𝐸𝑅𝑅𝑀𝑀𝑅𝑅 =
𝑒𝑒𝛾𝛾𝐾𝐾
2𝑞𝑞𝑃𝑃

�1 −
𝑚𝑚
𝑒𝑒𝛾𝛾𝐾𝐾

� =
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒

2
 (A32) 

This effort is positive if 𝑚𝑚 < 𝑒𝑒𝛾𝛾𝐾𝐾, that is if coexistence is possible in the unharvested system. 

Moreover, this effort is twice as small as the effort leading to the extinction of the predator. Thus, as 

long as coexistence is possible without harvest, harvesting predator at MSY is a sustainable 

strategy. 

Our results show that as long as the MSY effort is inferior to the RMY effort, MSY is a 

stabilizing strategy. It occurs under the following condition: 

𝑚𝑚
𝑒𝑒𝛾𝛾𝐾𝐾

<
4𝑒𝑒𝛾𝛾𝐾𝐾 − 𝑟𝑟
4𝑒𝑒𝛾𝛾𝐾𝐾 + 𝑟𝑟

 (A33) 

Interestingly, this condition only depends on biological parameters and not on the predator 

catchability. In particular, MSY has more chances to be stabilizing if the ratio 𝑒𝑒𝛾𝛾𝐾𝐾/𝑚𝑚 is high. As 

this ratio describes the rate of growth of an unharvested predator in an equilibrium pristine prey 

population versus the mortality rate of the predator, we can describe it as the recovery potential of 

the predator.  
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Appendix 2 
Investigation of a Rosenzweig–MacArthur model 
In what follows, we investigate the impact of harvesting on the resilience of a predator-prey 

Rosenzweig-MacArthur model, including a type II functional response (see for instance Ghosh et 

al. 2014). The corresponding model can be written as follows: 

⎩
⎨

⎧ 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑟𝑟𝑑𝑑 �1 −
𝑑𝑑
𝐾𝐾
� −

𝛾𝛾𝑑𝑑𝛾𝛾
𝑑𝑑 + 𝑑𝑑0

− 𝑞𝑞𝑁𝑁𝐸𝐸𝑑𝑑    

𝑑𝑑𝛾𝛾
𝑑𝑑𝑑𝑑

= 𝑒𝑒
𝛾𝛾𝑑𝑑𝛾𝛾
𝑑𝑑 + 𝑑𝑑0

−𝑚𝑚𝛾𝛾 − 𝑞𝑞𝑃𝑃𝐸𝐸𝛾𝛾                
, (A34) 

where 𝑑𝑑0 is the half-saturation constant, at which the predator’s attack rate reaches half of its 

maximum. The non-trivial equilibrium can be written as follows: 

𝑑𝑑∗ =
𝑑𝑑0(𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)
𝑒𝑒𝛾𝛾 − (𝑚𝑚 + 𝑞𝑞𝑃𝑃𝐸𝐸)       ;        𝛾𝛾∗ =

𝑑𝑑∗ + 𝑑𝑑0
𝛾𝛾

�𝑟𝑟 �1 −
𝑑𝑑∗

𝐾𝐾
� − 𝑞𝑞𝑁𝑁𝐸𝐸� (A35) 

The prey isocline (defined by the function 𝛾𝛾∗(𝑑𝑑∗)) reaches a maximum at the following prey 

density: 

𝑑𝑑𝑚𝑚𝑚𝑚𝑒𝑒 =
1
2
�𝐾𝐾 �1 −

𝑞𝑞𝑁𝑁
𝑟𝑟
𝐸𝐸� − 𝑑𝑑0�        (A36) 

It is well known (Rosenzweig 1971, Ghosh et al. 2014) that the system is stable if 𝑑𝑑∗ > 𝑑𝑑𝑚𝑚𝑚𝑚𝑒𝑒, and 

that it undergoes oscillations if 𝑑𝑑∗ < 𝑑𝑑𝑚𝑚𝑚𝑚𝑒𝑒. As it is obvious that predator harvesting increases 𝑑𝑑∗ 

and that prey harvesting reduces 𝑑𝑑𝑚𝑚𝑚𝑚𝑒𝑒, we can conclude that prey and predator harvesting 

stabilizes oscillations when the fishing effort is high enough (Ghosh et al. 2014). In fact, it can be 

shown that maximizing the yield of either the predator only, or of the two species together, 

necessarily makes the system stable (Ghosh et al. 2014). As in a model with a linear functional 

response, maximizing prey yield implies to destroy predator populations. To go further, we 

numerically investigate the resilience of this system for increasing efforts, by focusing on the 

eigenvalue with the largest real part. 

 Results are shown in Fig. A2. Resilience is here described as the real part of the largest 

eigenvalue 𝑅𝑅𝑒𝑒(𝜆𝜆𝑚𝑚). We did not show here the return time to equilibrium 𝜏𝜏 = −1/𝑅𝑅𝑒𝑒(𝜆𝜆𝑚𝑚), as this 

value becomes meaningless when limit cycles appear (i.e. here, when the largest eigenvalue crosses 

zero). In each case, the unharvested system is unstable, and increasing the fishing effort turns it into 

a stable system. Then, the resilience of the stable system increases with effort, reaches a maximum 

and drops close to the extinction of the predator. These results are very similar to those obtained 

with a linear functional response, except that here we find that increasing fishing pressure can also 

increase the resilience of a prey-only fishery for intermediate efforts (Fig. A2.a). Interestingly, with 
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a type II functional response, prey-only fisheries can thus reach a resilience maximum. 

 
Figure A2. Resilience effects of: (a) prey harvesting, 𝑞𝑞𝑁𝑁 = 0.1, 𝑞𝑞𝑃𝑃 = 0, as in Fig. 1b in the main 

text; (b) predator harvesting, 𝑞𝑞𝑁𝑁 = 0, 𝑞𝑞𝑃𝑃 = 0.5, as in Fig. 2b and 2d; (c) a simultaneous harvesting 

of predators and prey, 𝑞𝑞𝑁𝑁 = 0.1, 𝑞𝑞𝑃𝑃 = 0.5, as in Fig. 3b and 3d. Resilience is here described as the 

real part of the largest eigenvalue. Shaded areas indicate that predators are extinct. Parameters: 

𝑟𝑟 = 1, 𝐾𝐾 = 1, 𝑚𝑚 = 0.3, 𝑒𝑒 = 0.7, 𝛾𝛾 = 1.5, 𝑑𝑑0 = 0.4. 

 

With the same Rosenzweig–MacArthur model, Ghosh et al. (2014) showed that yield-maximizing 

policies (MSY) are stable when only the predator is harvested, and when both predator and prey are 

harvested. Accordingly, the resilience-maximizing equilibrium (RMY) is also necessarily stable. As 

in these cases we have similar resilience patterns compared to the main text model that rely on a 

linear functional response, we expect to obtain similar relationships between yield and resilience. 

As in the main text, we consider different configurations of our system defined by different prey 

and predator catchabilities. These catchabilities are chosen so that in each configuration of the 

system, the yield-maximizing equilibrium can be reached without leading to the loss of the 

predator. Results are shown in Fig. A3. We clearly observe that the pattern described in the main 

text is robust: a trade-off between a prey-oriented fishery with high productivity but low resilience, 

and a predator-oriented fishery with low productivity but high resilience. Again, a balanced 

harvesting between predator and prey allows for a simultaneous management of the two objectives. 

 



 10 

 
Figure A3. Relationship between yield and return time to equilibrium for varying prey (a) and 

predator (b) catchabilities, as in Fig. 5 in the main text. Low to high catchabilities values are 

represented with colors ranging from black to light gray and applied to circles and dotted lines. For 

each pair of catchabilities, MSY equilibria are shown with filled circles and RMY equilibria are 

shown with empty circles. For each catchability value, the dotted line traces out the equilibria 

between MSY and RMY, with effort varying along the line. Thus, each pair of circles and line 

represents a different catchability parameter value. Dotted lines indicate, for each catchability, all 

intermediate equilibria between MSY and RMY. The thick dark-gray line shows the global Pareto 

frontier between yield and resilience. Parameters: 𝑟𝑟 = 1, 𝐾𝐾 = 1, 𝑚𝑚 = 0.3, 𝑒𝑒 = 0.7, 𝛾𝛾 = 1.5, 𝑑𝑑0 =

0.4, 𝑞𝑞𝑃𝑃 = 0.5 in (a), 𝑞𝑞𝑁𝑁 = 0.1 in (b). 

 

References 
Ghosh, B. et al. 2014. Relationship between exploitation, oscillation, MSY and extinction. – Math. 

Biosci. 256: 1–9. 

Rosenzweig, M. L. 1971. Paradox of enrichment: destabilization of exploitation ecosystems in 

ecological time. – Science. 171: 385–387. 

 


