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Appendices for:

Collective behavior as a driver of critical transitions imgnatory populations

Appendix A. R-N phase diagramsfor single site breeding migration model

In this supplementary information we illustrate the stfpibroperties of the equilibria in the single-site migoati
model, illustrated in Fig. 1 of the main text. We numericallyaracterize the properties of the system solutions
(equations (1) & (4) in the main text) in regions i, ii, andly, means of showing the basins of attractions for solutions
in these parameter regions. In Fig._A.1 we indicatetthalues (vertical red lines) for which trajectories andibss
of attraction were studied. These regions exemplify thditti@ely distinct stability properties that charactegithe

system over a range of values for paraméter

The single-site system exhibits a single stable equilibrin region ii (Fig.[A), i.e. for low values of additional
mortality (h < 0.26), the population always persists with positive densidird the zero equilibrium is unstable, see
Fig.[A2(a). For higher mortality levels the system has &b region, in which in addition to the stable equilibrium
with positive population numbers (solid blue dot), the zegailibrium is also stable (solid red dot), while an unstabl
equilibrium (empty black circle) separates the two staljeiléoria from one another (Fid_Al1, Fig._A.2(b)). Over
a small range oh-values in region i, the system dynamics are characterigagtidooccurrence of an unstable limit
cycle (dashed black loop), which originates from the suleedi Hopf bifurcation, separating regions i and iv (Fig.
[A.2(c)). The limit-cycle amplitude increases towards loWwealues, until the cycle coincides with the stable manifold
of the unstable equilibrium (saddle node) and the cyclepgisars through a homoclinic cycle (global bifurcation).
The Hopf bifurcation demarcates thevalue for which the equilibrium with positive populatiommbers becomes

unstable and for higher mortality levels, only the zeroikojium is stable (FigCAR(d)).



18000 f " Solo navigation -

Group navigation

15000 F (@ (b) (Cx'd)l .
i

12000 i IMEY

N

9000 f

Population size
(o))
(@)
o
o

N

3000 } \:.‘
X
Of====- . e .
0 0.2 0.4 0.6 0.8

Additional mortality, h

Figure A.1: Main text Fig. 1b is redrawn here. The red velticees indicate theh-values for which we show thB-N state-space analysis and
basins of attraction for system solutions in FIg.JA.2. Thagdabeling of Fig[CAR is shown above the red lines.
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Figure A.2: State-space analysis of the single-site syéepmations (1) & (4) in the main text) depicted for the systemablesR andN. We show
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the basins of attraction for system solutions in three regjiaf parameter space, with mortality levels as indicatefign[A.l (h = 0.20,h = 0.35,
h = 0.394 andh = 0.42 for panels (a), (b), (c) and (d), respectively). Stableildmgia are indicated with solid circles, unstable eduwila with

open circles, and the unstable limit cycle is indicated \aitthashed line. Trajectories through state space are shaithivi solid lines and their
color corresponds to the equilibrium to which they lead.otws depict the local gradient in state space, and simillgir tolors correspond to the
basins of attraction of the stable equilibria. Panel (ayshthe global basin of attraction for the stable equilibriwith positive population size
in region ii. In panel (b) the bistability in region i is showincluding the separation of the basins of attraction ofttie stable equilibria (here,
the stable equilibrium with non-zero population size issalé of the range shown). For a small rangdroeflues in region i we find an unstable
limit cycle, shown in panel (c). Trajectories that are atiéid within the unstable limit cycle’s basin of attractiqupeoach the stable equilibrium
with positive population densities (blue trajectories loebsolid circle). This means that this equilibrium is ondgélly stable. When trajectories
are initiated far from that stable equilibrium, i.e. outsithe unstable limit cycle, the system approaches the zerbbeym (red trajectories and
red solid circle). Even higher mortality values, in regiondo not allow for persistence and the zero equilibrium &dhly stable solution in the

system, as shown in panel (d).
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