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Marine protected areas as dynamic networks
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Dynamics of climate change: range shifts



Networks of protected areas: connectivity 
and adaptation

environmental heterogeneity can maintain genetic polymorphisms in the presence of
gene flow, dispersal between adaptively divergent populations might in some cases
lead to migration load, whereby population fitness is lowered due to an influx of
maladapted genotypes, or to selection against maladapted migrants, thus reducing
recruitment rates and population growth (Carlson et al. 2014). Furthermore, where
local adaptation occurs in isolated populations in the absence of gene flow, MPA
network designs that prioritize well-connected sites might inadvertently exclude
populations containing standing genetic variation that can aid rapid adaptation of
other populations in the future (Fig. 4a).
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Fig. 4 A schematic representation of marine populations along an environmental gradient
(e.g. temperature, increasing downwards towards the red color on the bar) and site prioritization
for designating MPAs (grey-shaded circles) under a scenario of environmental change (e.g.
warming ocean temperature) based on (a) selecting the most well-connected populations and (b)
considering both connectivity and adaptive genetic variation. Small colored circles represent
individual genotypes: dark blue genotypes are favored in low temperatures; light blue genotypes
are favored in intermediate temperatures; and red genotypes are favored in the highest temperature.
Arrows indicate the direction of dispersal/gene flow between populations. Gene flow is higher out
of MPAs (thicker arrows) due to increased larval export as a result of increased population sizes
within MPAs and lower out of unprotected sites (thinner arrows) due to declining population sizes
as a result of fishing. High connectivity between MPAs homogenizes genetic variation across the
whole network, potentially swamping the locally adapted red genotype in panel (a). Protection of
population ‘G’ in panel (b) allows the beneficial red genotype to increase in frequency and spread to
populations ‘C’, ‘D’, ‘E’, and ‘F’, which might be vulnerable to warming temperatures in the future

436 A. Xuereb et al.

Xuereb A et al. (2018)



Integration of permanent and dynamic 
conservation areas

D'Aloia et al. 2019



Blue carbon: carbon stored in coastal and marine ecosystems

https://www.thebluecarboninitiative.org/

‘Ecosystem engineers’ contribute to carbon sequestration
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Meta-ecosystem engineering: spatial subsidies 
(detritus) in coastal ecosystems

Peller et al. (2019)



Cross-ecosystem fluxes increase meta-ecosystem efficiency

.

Terrestrial nutrient input
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Tipping points: coral reef ecosystems

Hoegh-Guldberg et al. (2008, Science)
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Dynamics of climate change: rate-dependent impacts

NASA-GISS HadCrut NOAA (Wikipedia)



The rate of environmental change can drive 
ecological response

Stability landscape at equilibrium

Non-equilibrium: the ecological states is 
under a shifting stability ‘landscape’
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Arumugam et al. (2020, 2021, in rev)

bifurcation catastrophic transition

The rate of environmental change can decouple 
bifurcation and transitions

unstable state



Rate-dependent early warnings

Figure 5. (a) Time series and bifurcation diagram of the two-patch metacommunity model (1). The time
series start with oscillations at K = 1.1 and progress to the left as K decreases at a rate of µ = �0.0001.
Tracking of the unstable state past TB lasts longer than in Fig. 4, and predator population unexpectedly
goes extinct, even though there are positive attractors available. Other parameters and explanations are as
in Fig. 2. The trends in autocorrelation (b) clearly pick up the transition while tracking the unstable state
(blue), but have a substantial number of false positives at the bifurcation. The trends in variance (c) still
produce a substantial number of true negatives at the bifurcation but also a majority of false negatives while
tracking to the actual transition.
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Early-warning signals of bifurcations vs transitions
• Non-catastrophic transcritical bifurcation leads to extinction

• Transition predicted by autocorrelation but not the bifurcation
• Variance: false-negative prediction of catastrophic transition



Conclusions
Blue carbon:
• Cross system fluxes and 

non-trophic interactions

Trophic regulation and 
tipping points:
• Rate-dependent tipping

Connectivity & 
adaptation:
• Eco-evolutionary 

dynamics on networks
• Network rewiring
• Dynamic MPA 

networks 


