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Abstract 1 
The spatial extent of marine and terrestrial protected areas (PAs) is amongst the most intensely 2 

debated issues in the post-2020 Global Biodiversity Framework of the Convention on Biological 3 
Diversity. Positive impacts of PAs on habitats, species diversity and abundance are well documented in 4 
many locations. Yet, biodiversity loss continues unabated despite efforts to protect 17% of land and 5 
10% of the oceans by 2020. This casts doubt on whether extending PAs to 30% or even 50% would 6 
achieve hoped for biodiversity benefits. Critically, the focus on area coverage overshadows the need to 7 
focus on PA effectiveness and overlooks concerns about PAs impacts on food security and other 8 
sustainability objectives. Given that the choices made now about PAs could tip the balance towards 9 
either negative or positive outcomes for biodiversity and people, we propose a simple means of 10 
visualising the complex relationships between PA area coverage and effectiveness and their effects on 11 
biodiversity conservation, nature-based climate mitigation and food production. Our analysis illustrates 12 
how achieving a 30% PA global target could be beneficial for biodiversity, climate and food. It also 13 
highlights several important caveats: i) achieving lofty area coverage objectives will likely be of little 14 
benefit for biodiversity or climate without concomitant improvements in effectiveness, ii) there could 15 
be tradeoffs with food production particularly for high levels of coverage and effectiveness and iii) 16 
important differences in terrestrial and marine systems should be taken into consideration when setting 17 
and implementing PA targets. The CBD’s call for a significant increase in protected area would need to 18 
be accompanied by clear PA effectiveness goals to reduce and revert dangerous anthropogenic impacts 19 
on socio-ecological systems and biodiversity. 20 

 21 
Introduction  22 
 Biodiversity loss and climate change are progressing at an alarming rate1,2. In response to this 23 
challenge, terrestrial and marine protected areas (PAs) are increasingly recognised as being central to 24 
biodiversity conservation3-6. Aichi Biodiversity Target 11 of the Convention on Biodiversity (CBD) was 25 
formulated with the aim of protecting 17% of the terrestrial surface and 10% of oceans by 2020. PAs 26 
are generally not only more species rich than neighbouring areas, they also contribute to avoiding species 27 
extinctions, habitat loss and degradation (i.e., also supporting the objectives in Aichi Biodiversity 28 
Targets 5, 6, 12, 14, 15). It is not surprising, therefore, that PAs feature prominently in the CBD’s post-29 
2020 Global Biodiversity Framework (GBF)7. As most of the Aichi targets have not been achieved1, 30 
this new framework seeks to increase global efforts towards biodiversity protection for the periods to 31 
2030 and 2050 (https://www.cbd.int/conferences/post2020/wg2020-03/documents, 32 
CBD/WG2020/3/3). 33 

The first draft of the GBF calls for a very ambitious increase to at least 30% of land and marine 34 
areas to be protected by 2030, and while this objective is still under negotiation, a coalition of 78 35 
governments is strongly supporting its adoption. The UN Framework Convention on Climate Change 36 
has also recognised the co-benefits of PAs for climate change mitigation in regions where biodiversity-37 
rich and carbon-rich ecosystems correspond8,9. Conversely, concerns have been voiced that a large 38 
expansion in PAs could compromise climate change adaptation in human societies and the provisioning 39 
of a broader set of ecosystem services, food in particular, due to PAs competing for space with other 40 
human uses10-12.  41 
 PA coverage is a relatively easily measurable indicator of conservation effort. However, the 42 
effectiveness of PAs is critical for conservation success13,14. Ignoring the two-dimensional space that 43 
defines PAs (that is: area and effectiveness) will limit their contribution to successful biodiversity 44 
outcomes. The first draft of the GBF includes a call for ‘effectively and equitably managed, ecologically 45 
representative and well-connected systems of protected areas and other effective area-based 46 
conservation measures’; however, i) progress towards these objectives set in the Aichi targets was weak 47 
and ii) effectiveness is difficult to measure.  48 



The nature’s Green Shoots framework and visualisation 49 
The approach outlined here to visualise the synergies and trade-offs arising from protected areas 50 

and their impacts on biodiversity, climate change mitigation and food production is inspired by the 51 
“Burning Embers” diagrams that are used to synthesise and communicate climate change risks for 52 
natural and human systems in assessment reports of the Intergovernmental Panel on Climate Change 53 
(IPCC)15,16. Nothing similar exists for the biodiversity crisis. By focusing on risks, the Burning Embers 54 
do not identify the possible policy levers and sets of actions to reduce these risks. We propose, therefore, 55 
nature’s ‘Green Shoots’, as a complementary approach to inform international biodiversity and climate 56 
change policies that goes beyond the identification of risks towards the analysis of solutions.  57 

The y-axis in Figure 1 gives the global surface of terrestrial or marine ecosystems within PAs. 58 
The analysis is separated into terrestrial and marine realms because of their different pressures, 59 
functioning and governance structures. When assessing solutions, a second dimension is required. The 60 
x-axis thus gives the "effectiveness" of PAs, which is defined here as a combination of three important 61 
enabling conditions: where PAs are sited, how PAs are run, and the ability or capacity per se to 62 
implement them.  63 

The colours in the graphics represent the outcomes of PA coverage and effectiveness for 64 
selected sustainable development objectives: in this case, biodiversity, climate and food. The colour 65 
gradient is set from grey, indicating the poorest outcome, to green that indicates the most positive 66 
outcome (see Supplement and Shoots_PA.xls for a further description of the method; an alternate colour 67 
scale is provided in the Supplementary Figures SI-1 and SI-2, recognising colour vision deficiencies). 68 
The method assumes that PA coverage (y-axis) and PA effectiveness (x-axis) are independent in 69 
determining the overall outcome. 70 

The colour transitions chosen are qualitative, and involve judgements made by the authors, 71 
informed by outcomes of assessment reports of the IPCC and IPBES1,2,17 and by a large literature review 72 
(see text and Supplementary Tables S1 and S2). Colours represent the outcome of a change in PA in 73 
relative terms, the default colour transition is linear but can be non-linear if supported by the literature. 74 
As one moves from the current status to areas towards the green end of the gradient the outcomes are 75 
considered to substantially improve for biodiversity conservation, climate change mitigation or food 76 
provisioning. As one moves towards the grey end of the gradient, outcomes are considered to become 77 
considerably worse. The Green Shoots approach allows exploration and visualization to communicate 78 
alternative scenarios of PA coverage and effectiveness that are widely discussed in the literature. For 79 
instance, 30% and 50% PA coverage may well be reached without overcoming the barriers that affect 80 
current effectiveness levels (e.g. resources, knowledge, political will; examples indicated by ‘1’ and ‘2’ 81 
in Figure 1). Likewise, 30% and 50% PA coverage may be reached whilst overcoming current barriers 82 
to PA effectiveness (indicated by ‘3’ and ‘4’, Figure 1). Note that the level of uncertainty in colour 83 
attribution rises for global PA coverage and effectiveness as they depart from current levels. We assess 84 
moderate-low uncertainties with identifying present-day conditions, and with the direction of the 85 
response (i.e., whether the implementation of a measure would lead to an overall positive or negative 86 
impact) reflecting the paucity of quantitative information at a global-scale level regarding biodiversity 87 
and ecosystem responses to the measures addressed in this review. 88 

Our analysis focuses on the global scale. Likewise, the judgements underpinning colour 89 
transitions are made without considering other changes such as human population growth or climate 90 
change impacts, which would influence how PAs interact with biodiversity, food production, or carbon 91 
uptake and storage. The Green Shoots are designed flexibly (Shoots_PA.xls) to allow such additional 92 
aspects to be factored in and may also be applied at regional or national scales, given that synergies and 93 
trade-offs arising from increasing PA coverage and effectiveness will differ between social-ecological 94 
contexts and geographic regions.  95 



 96 
 97 

Figure 1: ‘Green Shoots’ template as used for the analyses shown in Figure 2. The y-axis gives the 98 
global surface terrestrial or marine ecosystems in PAs (as a percentage) where the scale ranges from 99 
0% to a maximum of 50%, which is the highest commonly cited figure for maximum global PA coverage 100 
18,19; the x-axis ranges from low to high level of effectiveness. "High" on the effectiveness scale indicates 101 
that most PAs are optimally sited, under strict protection (sensu IUCN PA categories I and II), well 102 
managed and adequately resourced. "Low" indicates that most PAs are sited in areas of low biodiversity 103 
value, have low levels of protection (sensu IUCN PA categories V and VI), are poorly managed and 104 
have insufficient financing. An encircled ‘c’ is used to represent the current global status of PA coverage 105 
and estimated effectiveness. Numbers ‘1’ and ‘2’ represent cases where (close to) 30% and 50% PA 106 
coverages are approached, respectively, without overcoming the barriers that affect current 107 
effectiveness levels. Numbers ‘3’ and ‘4’ represent cases where 30% and 50% PA coverage are 108 
approached, respectively, whilst overcoming current barriers to PA effectiveness. Increasing 109 
uncertainty of location of colour transitions are indicated by increasing fuzziness in the circles. Arrows 110 
are included here to guide the eye. Additional information: see Supplementary text and figures and 111 
Shoots_PA.xls. 112 

 113 
 114 
Current status of Protected Areas  115 
 Terrestrial protected areas (TPA) currently cover about 15% of the Earth's ice-free, land surface 116 
and achieving this coverage by 2020 was one of the very few near successes of the Aichi Biodiversity 117 
Targets set in 201020. However, the current TPA network is insufficient to cover a significant amount 118 
of the geographical range of most known plant and animal species13,21. For todays’ TPA network, one 119 
estimate is that <70% of bird and mammal species, <35% of reptiles and amphibians have adequate 120 
representation22. Of vertebrates threatened with extinction, only 19% of their range is represented on 121 
average23.  122 



The overall success of TPAs in terms of nature conservation is reduced by inadequate 123 
management and siting21. TPAs are often placed in areas with limited human-use potential, rather than 124 
areas of high biodiversity value21,24. Earlier estimates of average management effectiveness varied 125 
between 45% and 55%4,25. Others have found that less than 25% of TPAs have adequate financial and 126 
staff capacity to achieve their objectives, resulting in only 4-9% of terrestrial mammals, amphibians and 127 
birds having ranges that were protected by those TPAs that have sufficient resources26. For forests, when 128 
shortcomings in effectiveness are taken into account, only 6.5% can be considered protected27. While 129 
there is agreement that TPAs have been somewhat effective in avoiding land conversion and that species 130 
diversity is higher inside than outside TPAs4, our overall assessment of today’s effectiveness is of the 131 
order of 20% between lowest and highest (Figure 2, ‘c’).  132 

Likewise, evidence from the literature shows that the global network of marine protected areas 133 
(MPAs) underperforms and therefore sits at the low end of the effectiveness scale, similar to the TPAs 134 
(Figure 2). Observed MPA coverage is presently about 7.5% of coastal and marine waters28, but with at 135 
most only half being truly implemented28-30. Among these, only 71% were found to be effective to some 136 
extent29,31. The current system of MPAs falls short in providing adequate coverage of species 137 
geographical ranges5,32,33 and the diversity of ecosystems28. In addition, a significant proportion of those 138 
MPAs do not have the sufficient levels of size and protection34,35, management capacity29 or 139 
enforcement36 to be fully effective (Supplementary Material, Tables S1 & S2). 140 
 141 
Protected Area Targets for 2030-2050 142 
 Increasing both the coverage and effectiveness of TPA and MPAs over the coming decades 143 
would help to slow the loss of biodiversity. There are, however, on-going debates about i) the emphasis 144 
on increased area vs. improved siting, protection levels and management34, ii) the fraction of land or 145 
ocean that would be desirable to include in protected areas13,19, and (iii) the contribution of other 146 
effective, area-based conservation measures37,38.  147 
 Some argue that as much as half of the Earth's ice-free land surface should be set aside for PAs 148 
to ensure adequate protection of species and ecosystems18. The argument behind ‘Half Earth’ draws on 149 
studies showing that 85% of plant species could be protected in this way39, which others extended to ca. 150 
85% of all species based on relationships between species and required habitat area18. There is 151 
considerable debate about the degree of protection that should be conferred on these areas: proposals 152 
include relatively strict protection from human activities, while others suggest an approach that would 153 
allow for sustainable use of biodiversity alongside agricultural activities19,37,40,41. Under some 154 
assumptions, even at the highest level of effectiveness, a TPA of 50% would not cover all plants 24 and 155 
all mammals (which potentially would require 60% of all land42).  156 

While these estimates in themselves are controversial24,43 the importance of increasing today’s 157 
TPA effectiveness and need to overcome shortcomings regarding financing, management or placement 158 
is still not central to the debate13,24,44, although some studies have argued that the primary emphasis 159 
indeed should be on increasing effectiveness given limited land resources45-47. With a focus on TPA 160 
effectiveness, protection of up to about a third of land has been estimated to provide major improvements 161 
in coverage of all species (including non-vertebrates) and ecoregions 13,23,48-51, and this corresponds to 162 
the ambition to set-aside 30% of land for TPAs by 2030, as specified in the action targets of the first 163 
draft of the GBF.  164 

With respect to siting, different perspectives on biodiversity (e.g., species diversity, endemism, 165 
ecosystem intactness) can lead to very different PA configurations, which will result in different sets of 166 
co-benefits and trade-offs. Nevertheless, siting of TPA networks could acknowledge different 167 
biodiversity priorities through improved spatial planning to prioritize areas of high biodiversity value 168 
jointly with ecological representativeness45-47. We reflect these views in Figure 2 such that at high 169 
effectiveness, protection of biodiversity rapidly improves with increasing TPA coverage, but with 170 
diminishing returns13,52 (smaller benefits as TPA percentage increases above ca. 30%; Figure 2, 171 
Shoots_PA.xls in the Supplement). Such a diminishing return is expected as, for example, increasing 172 



TPA coverage results in higher levels of connectivity53,54, and TPAs increasingly capture whole 173 
foodwebs and communities (rather than species)55. However, if resources to establish and manage TPAs 174 
remain limited, expanding to 30% or even 50% TPA coverage will barely enhance biodiversity 175 
protection, and even be poorer than 20% TPA coverage with resources dedicated to increased 176 
effectiveness. The minimum value is set to occur at 0% protected areas; while the maximum value (dark 177 
green) occurs at 50% protected areas with high effectiveness.  178 

As with TPAs, MPAs can lead to significant conservation outcomes such as increases in fish 179 
density, size, and biomass48, as well as in species richness and functional rarity49, and restore food webs 180 
and habitats50,51. While the literature on TPAs focuses mostly on impacts on species richness or 181 
abundance, protected biomass is most commonly used in marine studies as an indicator for evaluating 182 
MPA performance (Figure 2; Shoots_PA.xls). The biodiversity benefits of MPAs vary greatly in 183 
magnitude depending on coverage or effectiveness. As for TPAs, siting30 and management29 play a 184 
major role. MPA effectiveness has also been shown to be strongly dependent on the MPA levels of 185 
protection56, with positive outcomes mostly observed for fully or highly protected areas (high end of 186 
effectiveness axis) and barely observed for lower levels of protection (low end of effectiveness axis)35. 187 
Hence, if the levels of protection are too low35,57, the management capacity insufficient29, or MPAs 188 
poorly placed32, MPAs barely deliver positive outcomes, even at large coverage of 30% or even 50%.  189 

When considering well-functioning MPAs, positive biodiversity outcomes generally increase 190 
locally with MPA size6 and regionally with overall coverage58,59. A recent synthesis proposed that at 191 
least 30% of the oceans should be covered by PAs to efficiently protect biodiversity, ensure population 192 
connectivity among MPAs and population persistence59, and minimize the risk of fisheries and 193 
population collapse and ensure population persistence59. Achieving 30% protection would also help 194 
mitigate the adverse evolutionary effects of fishing, maximize or optimize fisheries value or yield, and 195 
thus satisfy multiple stakeholders59. The rate of biomass increase within MPAs is expected to be sharp 196 
up to 30% global coverage with a lower increase for higher coverage, up to 50%57,59.While increasing 197 
MPA coverage up to 50% of the global oceans is being debated, this target so far lacks a strong scientific 198 
basis for a proven increase in performance.  199 
  200 



 201 
 202 
Figure 2: Impacts of terrestrial (top) and marine (bottom) protected areas on biodiversity, climate and 203 
food. The y-axis is the percent of global surface terrestrial or marine ecosystems in PAs where the scale 204 
ranges from 0% to a maximum of 50%. The x-axis, effectiveness: represents i) siting (i.e., how well PAs 205 
are sited based on biodiversity criteria alone), ii) protection level (i.e., how well the type and amount of 206 
impacting human activities are regulated within the PA), and iii) management effectiveness. Today’s 207 
status is indicated by a ‘c’. ‘Biodiversity’: intends to integrate across all domains of biodiversity, but 208 



most terrestrial literature relates to species diversity or abundance, whereas most marine studies use 209 
protected biomass as the most common indicator. ‘Climate’: climate change mitigation through 210 
maintenance of marine or terrestrial ecosystems and increase of ecosystem carbon stocks. ‘Food’: 211 
estimated by fishing yield per effort (marine) and land area available for crop production (terrestrial). 212 
Colour transitions are based on an assessment of the literature (see manuscript text and S.I.), 213 
uncertainties for the present day are medium-low and increase when moving towards higher area 214 
coverage and, especially, higher effectiveness. Uncertainty in the Green Shoots is largest in the top right 215 
corner of each diagram, which is farthest from the situation today. 216 
 217 
 218 
PA impacts on carbon uptake and storage, and food production and fisheries 219 
 On land, areas of high biodiversity and high carbon stocks generally correspond, notably in 220 
many pristine forests, wetlands and savannahs8,51. Protection of valuable areas that are still largely intact 221 
creates therefore climate change mitigation co-benefits by avoiding potentially large carbon losses while 222 
also maintaining substantial, extant carbon sinks8,60-62. Conservation actions that target biodiversity-rich 223 
areas that are already under threat can provide additional biodiversity-carbon co-benefits, albeit at a 224 
smaller scale8. Avoiding further conversion of these areas into land used for agricultural production is 225 
important given that only between 12% and 21% (depending on the choice of biodiversity indicator) of 226 
joint carbon and biodiversity “hotspots” are currently protected, while carbon losses from the conversion 227 
of natural land continue to be substantial (‘current’, Figure 2)8,63. The restoration of ecosystems will 228 
achieve further positive synergies for both species and carbon pools, if both goals are pursued 229 
simultaneously64. That is why an increase in TPAs to, for example, 30% may only provide modest 230 
climate mitigation benefits at current levels of effectiveness, since little protection of carbon stocks and 231 
sinks would be provided. Positive impacts increase rapidly as the effectiveness of protection increases12. 232 
However, if the selection of TPAs is based on strict biodiversity considerations (i.e., highest 233 
effectiveness), the carbon benefits would not be equivalent since biodiversity and ecosystem carbon 234 
sinks are not perfectly co-located across all world regions 8,64. Even at 50% TPA, carbon sequestration 235 
would be expected to be somewhat lower when e.g., biodiversity hotspots are given priority, compared 236 
to siting that accounts for the co-location benefits8,55. As such, the optimal solutions for climate would 237 
be large areas being protected at, from a biodiversity perspective, medium-to-high effectiveness (Figure 238 
2). 239 

 Protected areas can hamper the ability to produce, harvest and trade food and fiber, especially 240 
if these activities are fully excluded from PAs65,66. Given that considerably more than 50%, of the ice-241 
free land surface is already used for food, feed, fiber and timber production, and millions of people 242 
remain undernourished17, conflict with expanding TPAs is inevitable. While new TPA could all be 243 
placed in unproductive regions this would be contradictory with the goal of improved TPA siting. 244 
Relatively low TPA coverage reduces global competition for land, which is advantageous for food 245 
production. However, TPAs provide watershed protection and habitat for pollinators, support traditional 246 
farming systems and act as reservoirs for genetic resources65,67-69, such that absence of TPAs would 247 
diminish global food production (Figure 2). Current land use has developed with a primary focus on 248 
agricultural productivity. Today’s TPAs do not limit production, while providing benefits to surrounding 249 
agricultural regions and therefore are represented as broadly beneficial (‘current’, Figure 2) for global 250 
production. At very low TPA efficiency, their beneficial roles are unlikely to be realised even with high 251 
PA coverage, even though land area competition is modest in ‘paper parks’70.  252 

 The level of protection but also the location affects the resulting trade-offs. Protection of 253 
primary ecosystems stops agricultural expansion into these areas but does not require reconfiguration of 254 
the current food system (i.e. changes in existing demand or production). However, the extent of such 255 
ecosystems not already protected is limited, and the ongoing biodiversity loss requires expanding TPAs 256 
in productive agricultural regions. Conflicts over land resources therefore will likely become acute if 257 
PA coverage were to increase substantially, especially if the level of protection increased and/or if 258 



protected areas were placed where both agricultural and biodiversity values are high11,12,71,72. Food could, 259 
in principle, be produced on less agricultural land by increasing the intensity of agricultural production 260 
(i.e. land sparing 73). But the impacts of TPAs on food security at very high levels of coverage (i.e. both 261 
30% and 50% TPAs) with a strong conservation focus (i.e. strict protection) could increase food price 262 
increases and food insecurity11,12,74, reflecting higher costs of inputs arising from production 263 
intensification. Higher food prices would be most severe for poorest globally and add to rates of 264 
malnutrition11,74. Increasing agricultural water withdrawals and pollution from greater fertiliser and 265 
pesticide use11,12,40,75 would have negative biodiversity and societal consequences in the remaining 266 
agricultural areas11,40,75.  267 
 The climate change mitigation benefits of establishing MPAs are mostly the result of protected 268 
and enhanced marine carbon pools, commonly referred to as Blue Carbon76-78. So far, only three marine 269 
ecosystems (mangroves, seagrasses and tidal saltmarshes) have been officially recognized by the IPCC 270 
as blue carbon sinks, and can count towards countries Nationally Determined Contributions (NDCs). 271 
These are also biodiversity-rich ecosystems. However, other important carbon pools such as marine 272 
animals and marine sediments are receiving increasing attention78-80. MPAs can contribute to climate 273 
change mitigation by increasing blue carbon pool sizes, which occurs when protection allows 274 
ecosystems to recover. Just as for other MPA outcomes, climate benefits heavily depend on MPA 275 
effectiveness. Indeed, low levels of protection fail to protect sediments and the sequestered carbon from 276 
trawling81,82, and fail to increase fish biomass35, an essential link to export carbon to deeper waters and 277 
seafloor sediments83. For the effect of area coverage on carbon sinks, it is expected that strong gains 278 
would be obtained with a small coverage of strategically placed MPAs on specific carbon pools. Indeed, 279 
an estimated 3.6% of ocean protection would allow protection of most of the currently trawled area30, 280 
and coastal vegetated ecosystems only cover 0.2% of the ocean surface84. Additionally, the most carbon 281 
rich sediments are concentrated in the shallow seas, which represent only 21% of the ocean area85. 282 
However, several species-rich marine ecosystems, such as coral reefs, do not store substantial amounts 283 
of carbon. Hence, the overall positive climate outcome of MPAs would be somewhat diluted if MPAs 284 
were sited only according to biodiversity considerations. As such, the response curve of carbon 285 
sequestration benefits to the level of effectiveness has similarities with that of biomass benefits, such 286 
that little or no benefits are obtained at low levels of protection, steep increases are expected with 287 
increasing level of protection and effectiveness, and slower increases after the 30% coverage is met, 288 
when all Blue Carbon ecosystems are protected.  289 

The proportion of overexploited (34.2%) and maximally sustainably exploited marine fish 290 
stocks (59.6%) has reached unprecedented levels86, illustrating once more that both coverage and 291 
effectiveness of today’s MPAs are insufficient to contribute to food security (point ‘c’, Figure 2). In 292 
most cases, food production, expressed here as fisheries catch, increases as MPA coverage increases 293 
because of the spill-over of adults and the export of eggs and larvae outside of MPAs87 – unless the level 294 
of protection effectiveness is too low to significantly reduce fishing mortality. Larger fish inside MPAs 295 
produce more offspring per unit of body mass than smaller fish and export of this increases production 296 
outside of an MPA resulting in much higher yields for fishing fleets in neighbouring areas 88. MPA 297 
benefits for food are expected to be the highest at around 30% coverage, where increased catches outside 298 
MPAs can offset lost fishing grounds. At higher coverage, catches are expected to decrease due to a 299 
squeezing effect, where fishing effort concentrates in reduced fishing grounds89. However, if political 300 
and socioeconomic constraints are prioritized over biodiversity considerations in MPAs, some studies 301 
point to the possibility of fully protecting the whole areas beyond national jurisdiction – 62% of the 302 
surface of the global ocean. Given that more than half of the high-seas fisheries would not be profitable 303 
without government subsidies, this could be achieved by removing subsidies90-92, but studies to estimate 304 
the gains for biodiversity, climate and food of such a measure are required. 305 
   306 
 307 
 308 



Synergies and tradeoffs between biodiversity, climate, and food  309 

Reversing the loss of biodiversity, mitigating climate change, and sustainably feeding a growing 310 
human population are three critical and highly interlinked challenges. Since the magnitude of the 311 
problem is well understood, the scientific community is increasingly tasked with identifying solutions 312 
to support international policies93,94. The Green Shoots visualisations in Figure 2 are intended to 313 
synthesise information across a range of challenges and indicators and thus to provide a globally-314 
integrated means of evaluating the usefulness of a policy measure in achieving multiple environmental 315 
or societal goals at the biodiversity-climate-food nexus.  316 

From the literature, we assess the overall biodiversity response of TPAs and MPAs to increases 317 
in both extent and effectiveness to be broadly similar (Figure 2). TPAs and MPAs with weak 318 
management clearly are of little or no help in protecting biodiversity13,23,32,35,44,56, which underpins the 319 
importance of committing resources and political will to improve PA effectiveness. The first draft of the 320 
GBF, which proposes to increase both TPA and MPA targets to 30% of the land area and coastal and 321 
marine waters, is supported by scientific evidence only if PAs are implemented in an effective way. The 322 
significant disconnect that exists at present between what is being pledged by governments in terms of 323 
resources to do so, and what is available in reality for implementing conservation measures95 is therefore 324 
of concern. 325 

The Green Shoots as presented here support the growing consensus of better integration of the 326 
CBD and UNFCCC policy targets. 30% or 50% PAs with high effectiveness can contribute substantially 327 
to climate change mitigation. It is important to note, however, that nature-based solutions for climate 328 
change mitigation, such as maintaining and enhancing carbon uptake and storage in marine and land 329 
ecosystems, are not alternatives to phasing-out fossil-fuels2.  330 

Synergies between increased PA coverage and food production exist, but trade-offs are 331 
unavoidable, with differences emerging between MPAs and TPAs concerning effectiveness and total 332 
PA coverage. In the ocean, at the lowest levels of effectiveness, MPA area-benefits for food supply will 333 
be negligible, while TPAs that are not protected well allow agricultural activities – even though TPA-334 
crop yield benefits arising from e.g., pollinator protection may be small. At very high levels of 335 
effectiveness, and high coverage, PAs can negatively impact food security – the trade-off in this case 336 
being markedly greater for TPAs than MPAs. The combination of 30% PA coverage at high levels of 337 
effectiveness is highly beneficial for the supply of seafood, but already compromises food production 338 
on land. The challenges arising from the competition for land between nature protection and food 339 
production could, however, be addressed by reducing food losses and wastes and by changing diets96,97. 340 
This would also contribute to more equitable global food distribution96. Reducing food waste and 341 
striving for globally equitable supply would also have benefits for marine systems, and the societies that 342 
depend on them. 343 

The trade-offs between biodiversity and food production are strongly influenced by how PA 344 
coverage is increased. TPA expansion into areas that are still predominately natural would have 345 
relatively little impact on food production, but PA expansion through ecosystem restoration on 346 
agricultural land would have large impacts on food. Given the need to feed a growing population, large-347 
scale, ecosystem restoration on agricultural land is challenging, although for some national contexts PA 348 
expansion through restoration may be relevant, at smaller scales.  349 

The choices made now about PA extent can tip the balance toward either negative or positive 350 
outcomes across nexus challenges – such as demonstrated here for biodiversity, food and climate. Urgent 351 
action is needed to avoid dangerous levels of anthropogenic interference both in the climate and socio-352 
ecological systems, but it is important to get these actions ‘right’, especially since some of the benefits 353 
will accrue only with time. Our analysis in principle supports 30% PA as a global target, as currently 354 
drafted in the GBF. For such a target, cross-nexus co-benefits are achievable if PA effectiveness and 355 
coverage are prioritized equally. It will be essential, however, to adopt additional measures to avoid 356 



losses or overconsumption in the food system. Given siting, protection level, and management 357 
effectiveness, national and global policy could foster the much-needed compromise between PA 358 
expansion through restoration and increased protection of remaining natural ecosystems. The former 359 
will have immediate impacts on food production on land while carbon and biodiversity benefits will 360 
only increase with time. The latter will have immediate biodiversity and carbon benefits, while impacts 361 
on food systems depend on many factors such as future population growth and the capacity to maintain 362 
or enhance production from existing agriculture and fisheries sustainably. For both restoration and 363 
protecting natural ecosystems, increasing PA effectiveness is as important, if not more so, than 364 
increasing PA coverage. Specifying, and even hitting, targets defined only in terms of area will not 365 
achieve biodiversity goals, nor will they create synergies with other sustainability objectives.  366 

To reflect these findings, the area-target in the GBF would need to be accompanied by a target 367 
that specifies the aspired effectiveness, along the lines of ‘the majority of these areas should strive for 368 
highest levels of protection’ – e.g. equivalent to the current IUCN categories I and II. As with area 369 
targets, measures will need to be put in place to monitor effectiveness targets. Such measures could 370 
combine remote sensing and in-situ species monitoring, as used for area-based targets, with information 371 
on PA management plans, dedicated spending and the involvement of local communities to ensure 372 
societal engagement. Given the potential for trade-offs in the climate-biodiversity-food nexus, the most 373 
appropriate assessment of PA success would need to combine ex-post measures with regular ex-ante 374 
analyses and modelling in order to identify the dynamic changes in management that would be required 375 
in response to, for example, future socio-economic trends or climate change. 376 

 377 

 378 

Acknowledgements: 379 

The authors acknowledge the discussions and suggestions in an earlier draft of the manuscript 380 
received by Dr. Joel Smith. We thank Juliette Jacquemont for inputs on blue carbon ecosystems. AA, 381 
RF and MR are supported by the Helmholtz Association. JC was supported by BiodivERsA 382 
(METRODIVER) and Fondation de France. MC and YJS acknowledge funding from the European 383 
Union’s Horizon 2020 research and innovation programme under grant agreement No 869300 384 
(FutureMARES) and No 817578 (Triatlas). MC acknowledges support from the Spanish Research 385 
project ProOceans (RETOS-PID2020-118097RB-I00). PL acknowledges support from the LabEx 386 
BASC (ANR-11-LABX-0034). YJS acknowledges support from the Belmont Forum and BiodivERsA 387 
joint call under the BiodivScen ERA-Net COFUND programme (Sombee project, ANR-18-EBI4-0003-388 
01). Jens Krause and Lauric Thiault helped with drawing Figures 1 & 2. 389 

 390 
 391 
 392 
 393 
References 394 
1 IPBES. Global assessment report on biodiversity and ecosystem services of the 395 

Intergovernmental Science- Policy Platform on Biodiversity and Ecosystem Services. (IPBES 396 
secretariat, Bonn, Germany, 2019). 397 

2 Pörtner, H. O. et al. Scientific outcome of the IPBES-IPCC co-sponsored workshop on 398 
biodiversity and climate change. (IPBES secretariat, Bonn, Germany, 2021). 399 

3 Gray, C. L. et al. Local biodiversity is higher inside than outside terrestrial protected areas 400 
worldwide. Nature Communications 7, doi:10.1038/ncomms12306 (2016). 401 

4 Coetzee, B. W. T., Gaston, K. J. & Chown, S. L. Local Scale Comparisons of Biodiversity as a 402 
Test for Global Protected Area Ecological Performance: A Meta-Analysis. Plos One 9, 403 
doi:10.1371/journal.pone.0105824 (2014). 404 



5 Davidson, L. N. K. & Dulvy, N. K. Global marine protected areas to prevent extinctions. Nature 405 
Ecology & Evolution 1, 40-40, doi:10.1038/s41559-016-0040 (2017). 406 

6 Claudet, J. et al. Marine reserves: size and age do matter. Ecology Letters 11, 481-489, 407 
doi:10.1111/j.1461-0248.2008.01166.x (2008). 408 

7 Geldmann, J. et al. Essential indicators for measuring site-based conservation effectiveness in 409 
the post-2020 global biodiversity framework. Conservation Letters 14, e12792, 410 
doi:10.1111/conl.12792 (2021). 411 

8 Soto-Navarro, C. et al. Mapping co-benefits for carbon storage and biodiversity to inform 412 
conservation policy and action. Philosophical Transactions of the Royal Society B-Biological 413 
Sciences 375, doi:10.1098/rstb.2019.0128 (2020). 414 

9 Melillo, J. M. et al. Protected areas' role in climate-change mitigation. Ambio 45, 133-145, 415 
doi:10.1007/s13280-015-0693-1 (2016). 416 

10 Nakamura, E. M. & Hanazaki, N. Protected Area Establishment and Its Implications for Local 417 
Food Security. Human Ecology Review 23, 101-122, doi:10.22459/her.23.01.2017.06 (2017). 418 

11 Henry, R. C. et al. Global and regional health and food security under strict conservation 419 
scenarios. Nature Sustainability, doi:10.1038/s41893-021-00844-x (2022). 420 

12 Mehrabi, Z., Ellis, E. C. & Ramankutty, N. The challenge of feeding the world while conserving 421 
half the planet. Nature Sustainability 1, 409-412, doi:10.1038/s41893-018-0119-8 (2018). 422 

13 Butchart, S. H. M. et al. Shortfalls and Solutions for Meeting National and Global Conservation 423 
Area Targets. Conservation Letters 8, 329-337, doi:10.1111/conl.12158 (2015). 424 

14 Bhola, N. et al. Perspectives on area-based conservation and its meaning for future biodiversity 425 
policy. Conservation Biology 35, 168-178, doi:10.1111/cobi.13509 (2021). 426 

15 Smith, J. B. et al. Assessing dangerous climate change through an update of the 427 
Intergovernmental Panel on Climate Change (IPCC) “reasons for concern”. Proceedings of the 428 
National Academy of Sciences 106, 4133-4137, doi:10.1073/pnas.0812355106 (2009). 429 

16 O'Neill, B. C. et al. IPCC reasons for concern regarding climate change risks. Nature Climate 430 
Change 7, 28-37, doi:10.1038/nclimate3179 (2017). 431 

17 IPCC. Special Report Climate Change and Land - Summary for Policy Makers. 432 
(Intergovernmental Panel on Climate Change, Geneva, 2019). 433 

18 Dinerstein, E. et al. An Ecoregion-Based Approach to Protecting Half the Terrestrial Realm. 434 
Bioscience 67, 534-545, doi:10.1093/biosci/bix014 (2017). 435 

19 Dinerstein, E. et al. A Global Deal For Nature: Guiding principles, milestones, and targets. 436 
Science Advances 5, doi:10.1126/sciadv.aaw2869 (2019). 437 

20 Belle, E. et al. Protected Planet Report 2018. Report No. 978-92-807-3721-9, (2018). 438 
21 Venter, O. et al. Bias in protected-area location and its effects on long-term aspirations of 439 

biodiversity conventions. Conservation Biology 32, 127-134, doi:10.1111/cobi.12970 (2018). 440 
22 Allan, J. R. et al. Hotspots of human impact on threatened terrestrial vertebrates. Plos Biology 441 

17, doi:10.1371/journal.pbio.3000158 (2019). 442 
23 Pouzols, F. M. et al. Global protected area expansion is compromised by projected land-use and 443 

parochialism. Nature 516, 383-+, doi:10.1038/nature14032 (2014). 444 
24 Pimm, S. L., Jenkins, C. N. & Li, B. V. How to protect half of Earth to ensure it protects 445 

sufficient biodiversity. Science Advances 4, doi:10.1126/sciadv.aat2616 (2018). 446 
25 Leverington, F., Costa, K. L., Pavese, H., Lisle, A. & Hockings, M. A Global Analysis of 447 

Protected Area Management Effectiveness. Environmental Management 46, 685-698, 448 
doi:10.1007/s00267-010-9564-5 (2010). 449 

26 Coad, L. et al. Widespread shortfalls in protected area resourcing undermine efforts to conserve 450 
biodiversity. Frontiers in Ecology and the Environment 17, 259-264, doi:10.1002/fee.2042 451 
(2019). 452 

27 Wolf, C., Levi, T., Ripple, W. J., Zárrate-Charry, D. A. & Betts, M. G. A forest loss report card 453 
for the world’s protected areas. Nature Ecology & Evolution, doi:10.1038/s41559-021-01389-454 
0 (2021). 455 

28 Maxwell, S. L. et al. Area-based conservation in the twenty-first century. Nature 586, 217-227, 456 
doi:10.1038/s41586-020-2773-z (2020). 457 

29 Gill, D. A. et al. Capacity shortfalls hinder the performance of marine protected areas globally. 458 
Nature 543, 665-669, doi:10.1038/nature21708 (2017). 459 



30 Sala, E. et al. Protecting the global ocean for biodiversity, food and climate. Nature 592, 397-460 
402, doi:10.1038/s41586-021-03371-z (2021). 461 

31 Sala, E. et al. Assessing real progress towards effective ocean protection. Marine Policy 91, 11-462 
13, doi:10.1016/j.marpol.2018.02.004 (2018). 463 

32 Guilhaumon, F. et al. Representing taxonomic, phylogenetic and functional diversity: New 464 
challenges for Mediterranean marine-protected areas. Diversity and Distributions 21, 175-187, 465 
doi:10.1111/ddi.12280 (2015). 466 

33 Mouillot, D. et al. Protected and threatened components of fish biodiversity in the 467 
mediterranean sea. Current Biology 21, 1044-1050, doi:10.1016/j.cub.2011.05.005 (2011). 468 

34 Claudet, J., Loiseau, C., Sostres, M. & Zupan, M. Underprotected Marine Protected Areas in a 469 
Global Biodiversity Hotspot. One Earth 2, 380-384, doi:10.1016/j.oneear.2020.03.008 (2020). 470 

35 Zupan, M. et al. Marine partially protected areas: drivers of ecological effectiveness. Front Ecol 471 
Environ 16, 381-387, doi:10.1002/fee.1934 (2018). 472 

36 Guidetti, P. et al. Italian marine reserve effectiveness: Does enforcement matter? Biol Conserv 473 
141, 699-709, doi:10.1016/j.biocon.2007.12.013 (2008). 474 

37 Dudley, N. et al. The essential role of other effective area-based conservation measures in 475 
achieving big bold conservation targets. Global Ecology and Conservation 15, e00424, 476 
doi:10.1016/j.gecco.2018.e00424 (2018). 477 

38 Gurney, G. G. et al. Biodiversity needs every tool in the box: use OECMs Comment. Nature 478 
595, 646-649 (2021). 479 

39 Joppa, L. N., Visconti, P., Jenkins, C. N. & Pimm, S. L. Achieving the Convention on Biological 480 
Diversity's Goals for Plant Conservation. Science 341, 1100-1103, 481 
doi:10.1126/science.1241706 (2013). 482 

40 Rasmussen, L. V. et al. Social-ecological outcomes of agricultural intensification. Nature 483 
Sustainability 1, 275-282, doi:10.1038/s41893-018-0070-8 (2018). 484 

41 Balmford, A. et al. The environmental costs and benefits of high-yield farming. Nature 485 
Sustainability 1, 477-485, doi:10.1038/s41893-018-0138-5 (2018). 486 

42 Mogg, S., Fastre, C., Jung, M. & Visconti, P. Targeted expansion of Protected Areas to 487 
maximise the persistence of terrestrial mammals. bioRxiv, 608992, doi:10.1101/608992 (2019). 488 

43 Wilhere, G. F. A Paris-like agreement for biodiversity needs IPCC-like science. Global Ecology 489 
and Conservation 28, doi:10.1016/j.gecco.2021.e01617 (2021). 490 

44 Svancara, L. K. et al. Policy-driven versus evidence-based conservation: A review of political 491 
targets and biological needs. Bioscience 55, 989-995, doi:10.1641/0006-3568(2005). 492 

45 Visconti, P. et al. Protected area targets post-2020. Science 364, 239-241, 493 
doi:10.1126/science.aav6886 (2019). 494 

46 Adams, V. M., Iacona, G. D. & Possingham, H. P. Weighing the benefits of expanding protected 495 
areas versus managing existing ones. Nature Sustainability 2, 404-411, doi:10.1038/s41893-496 
019-0275-5 (2019). 497 

47 Nicholson, E. et al. Scenarios and Models to Support Global Conservation Targets. Trends in 498 
Ecology & Evolution 34, 57-68, doi:10.1016/j.tree.2018.10.006 (2019). 499 

48 Butchart, S. H. M., Di Marco, M. & Watson, J. E. M. Formulating Smart Commitments on 500 
Biodiversity: Lessons from the Aichi Targets. Conservation Letters 9, 457-468, 501 
doi:10.1111/conl.12278 (2016). 502 

49 Jenkins, C. N., Pimm, S. L. & Joppa, L. N. Global patterns of terrestrial vertebrate diversity and 503 
conservation. Proceedings of the National Academy of Sciences of the United States of America 504 
110, E2602-E2610, doi:10.1073/pnas.1302251110 (2013). 505 

50 Di Minin, E. et al. Global priorities for national carnivore conservation under land use change. 506 
Scientific Reports 6, doi:10.1038/srep23814 (2016). 507 

51 Jung, M. et al. Areas of global importance for conserving terrestrial biodiversity, carbon and 508 
water. Nature Ecology & Evolution, doi:10.1038/s41559-021-01528-7 (2021). 509 

52 Geldmann, J. et al. A global analysis of management capacity and ecological outcomes in 510 
terrestrial protected areas. Conservation Letters 11, doi:10.1111/conl.12434 (2018). 511 

53 Santini, L., Saura, S. & Rondinini, C. Connectivity of the global network of protected areas. 512 
Diversity and Distributions 22, 199-211, doi:10.1111/ddi.12390 (2016). 513 



54 Saura, S. et al. Protected area connectivity: Shortfalls in global targets and country-level 514 
priorities. Biological Conservation 219, 53-67, doi:10.1016/j.biocon.2017.12.020 (2018). 515 

55 Mori, A. S., Isbell, F. & Seidl, R. beta-Diversity, Community Assembly, and Ecosystem 516 
Functioning. Trends in Ecology & Evolution 33, 549-564, doi:10.1016/j.tree.2018.04.012 517 
(2018). 518 

56 Horta e Costa, B. et al. A regulation-based classification system for Marine Protected Areas 519 
(MPAs). Marine Policy 72, 192-198, doi:10.1016/j.marpol.2016.06.021 (2016). 520 

57 Grorud-Colvert, K. et al. The MPA Guide: A framework to achieve global goals for the ocean. 521 
Science 373, doi:10.1126/science.abf0861 (2021). 522 

58 Davidson, A. D. et al. Geography of current and future global mammal extinction risk. PLoS 523 
ONE 12, doi:10.1371/journal.pone.0186934 (2017). 524 

59 O'Leary, B. C. et al. Effective Coverage Targets for Ocean Protection. Conservation Letters 9, 525 
398-404, doi:10.1111/conl.12247 (2016). 526 

60 Zhou, Y. et al. Limited increases in savanna carbon stocks over decades of fire suppression. 527 
Nature 603, 445-449, doi:10.1038/s41586-022-04438-1 (2022). 528 

61 Pugh, T. A. M. et al. Role of forest regrowth in global carbon sink dynamics. Proceedings of 529 
the National Academy of Sciences, doi:10.1073/pnas.1810512116 (2019). 530 

62 Finlayson, C. M. & Gardner, R. C. Ten key issues from the Global Wetland Outlook for decision 531 
makers. Marine and Freshwater Research 72, 301-310, doi:10.1071/mf20079 (2021). 532 

63 Friedlingstein, P. et al. Global Carbon Budget 2020. Earth System Science Data 12, 3269-3340, 533 
doi:10.5194/essd-12-3269-2020 (2020). 534 

64 Strassburg, B. B. N. et al. Global priority areas for ecosystem restoration. Nature 586, 724-729, 535 
doi:10.1038/s41586-020-2784-9 (2020). 536 

65 FAO. Protected areas, people and food security. (Food and Agricultural Organisation, Rome, 537 
2014). 538 

66 Sylvester, O., Segura, A. G. & Davidson-Hunt, I. J. The Protection of Forest Biodiversity can 539 
Conflict with Food Access for Indigenous People. Conservation and Society 14, 279-290, 540 
doi:10.4103/0972-4923.191157 (2016). 541 

67 Watson, K. B., Galford, G. L., Sonter, L. J., Koh, I. & Ricketts, T. H. Effects of human demand 542 
on conservation planning for biodiversity and ecosystem services. Conservation Biology 33, 543 
942-952, doi:10.1111/cobi.13276 (2019). 544 

68 Senapathi, D. et al. Pollinator conservation - the difference between managing for pollination 545 
services and preserving pollinator diversity. Current Opinion in Insect Science 12, 93-101, 546 
doi:10.1016/j.cois.2015.11.002 (2015). 547 

69 Borelli, T. et al. Born to Eat Wild: An Integrated Conservation Approach to Secure Wild Food 548 
Plants for Food Security and Nutrition. Plants-Basel 9, doi:10.3390/plants9101299 (2020). 549 

70 Di Minin, E. & Toivonen, T. Global Protected Area Expansion: Creating More than Paper Parks. 550 
Bioscience 65, 637-638, doi:10.1093/biosci/biv064 (2015). 551 

71 Schleicher, J. et al. Protecting half of the planet could directly affect over one billion people. 552 
Nature Sustainability 2, 1094-1096, doi:10.1038/s41893-019-0423-y (2019). 553 

72 Vijay, V. & Armsworth, P. R. Pervasive cropland in protected areas highlight trade-offs 554 
between conservation and food security. Proceedings of the National Academy of Sciences 118, 555 
doi:10.1073/pnas.2010121118 (2021). 556 

73 Phalan, B., Onial, M., Balmford, A. & Green, R. E. Reconciling Food Production and 557 
Biodiversity Conservation: Land Sharing and Land Sparing Compared. Science 333, 1289-558 
1291, doi:10.1126/science.1208742 (2011). 559 

74 Kok, M. T. J. & et, a. Assessing ambitious nature conservation strategies within a 2 degree 560 
warmer and food-secure world. bioRxiv, doi:10.1101/2020.08.04.236489 (2020). 561 

75 Balmford, A. Concentrating vs. spreading our footprint: how to meet humanity's needs at least 562 
cost to nature. Journal of Zoology 315, 79-109, doi: 10.1111/jzo.12920 (2021). 563 

76 Moraes, O. Blue carbon in area-based coastal and marine management schemes – a review. 564 
Journal of the Indian Ocean Region 15, 193-212, doi:10.1080/19480881.2019.1608672 (2019). 565 

77 Mcleod, E. et al. A blueprint for blue carbon: toward an improved understanding of the role of 566 
vegetated coastal habitats in sequestering CO2. Front Ecol Environ 9, 552-560, 567 
doi:10.1890/110004 (2011). 568 



78 Lovelock, C. E. & Duarte, C. M. Dimensions of Blue Carbon and emerging perspectives. 569 
Biology Letters 15, 20180781, doi:doi:10.1098/rsbl.2018.0781 (2019). 570 

79 Estes, E. R. et al. Persistent organic matter in oxic subseafloor sediment. Nature Geoscience 12, 571 
126-131, doi:10.1038/s41561-018-0291-5 (2019). 572 

80 Luisetti, T. et al. Climate action requires new accounting guidance and governance frameworks 573 
to manage carbon in shelf seas. Nature Communications 11, 4599, doi:10.1038/s41467-020-574 
18242-w (2020). 575 

81 Oberle, F. K. J., Storlazzi, C. D. & Hanebuth, T. J. J. What a drag: Quantifying the global impact 576 
of chronic bottom trawling on continental shelf sediment. Journal of Marine Systems 159, 109-577 
119, doi:10.1016/j.jmarsys.2015.12.007 (2016). 578 

82 Pusceddu, A. et al. Chronic and intensive bottom trawling impairs deep-sea biodiversity and 579 
ecosystem functioning. Proceedings of the National Academy of Sciences 111, 8861-8866, 580 
doi:10.1073/pnas.1405454111 (2014). 581 

83 Saba, G. K. et al. Toward a better understanding of fish-based contribution to ocean carbon flux. 582 
Limnology and Oceanography 66, 1639-1664, doi:10.1002/lno.11709 (2021). 583 

84 Duarte, C. M., Losada, I. J., Hendriks, I. E., Mazarrasa, I. & Marbà, N. The role of coastal plant 584 
communities for climate change mitigation and adaptation. Nature Climate Change 3, 961-968, 585 
doi:10.1038/nclimate1970 (2013). 586 

85 Atwood, T. B. et al. Global patterns in mangrove soil carbon stocks and losses. Nature Climate 587 
Change 7, 523-528, doi:10.1038/nclimate3326 (2017). 588 

86 FAO. The State of World Fisheries and Aquaculture 2018 - Meeting the sustainable 589 
development goals., (Food and Agricultural Organisation, Rome. Licence: CC BY-NC-SA 3.0 590 
IGO, 2018). 591 

87 Di Lorenzo, M., Guidetti, P., Calò, A., Claudet, J. & Di Franco, A. Assessing spillover from 592 
marine protected areas and its drivers: A meta-analytical approach. 1-10, doi:10.1111/faf.12469 593 
(2020). 594 

88 Marshall, D. J., Gaines, S., Warner, R., Barneche, D. R. & Bode, M. Underestimating the 595 
benefits of marine protected areas for the replenishment of fished populations. Front Ecol 596 
Environ, 1-7, doi:10.1002/fee.2075 (2019). 597 

89 Cabral, R. B. et al. Designing MPAs for food security in open-access fisheries. Scientific 598 
Reports 9, 8033, doi:10.1038/s41598-019-44406-w (2019). 599 

90 Sala, E. et al. The economics of fishing the high seas. Science Advances 4, eaat2504-eaat2504, 600 
doi:10.1126/sciadv.aat2504 (2018). 601 

91 Wright, G., Rochette, J., Gjerde, K. M. & Levin, L. A. Protect the neglected half of our blue 602 
planet. Nature 554, 163-165 (2018). 603 

92 Claudet, J., Amon, D. J. & Blasiak, R. Opinion: Transformational opportunities for an equitable 604 
ocean commons. Proceedings of the National Academy of Sciences 118,  605 
doi:10.1073/pnas.2117033118 (2021). 606 

93 Minx, J. C., Callaghan, M., Lamb, W. F., Garard, J. & Edenhofer, O. Learning about climate 607 
change solutions in the IPCC and beyond. Environmental Science & Policy 77, 252-259, doi: 608 
10.1016/j.envsci.2017.05.014 (2017). 609 

94 Claudet, J. et al. A Roadmap for Using the UN Decade of Ocean Science for Sustainable 610 
Development in Support of Science, Policy, and Action. One Earth 2, 34-42, 611 
doi:10.1016/j.oneear.2019.10.012 (2020). 612 

95 Clark, R., Reed, J. & Sunderland, T. Bridging funding gaps for climate and sustainable 613 
development: Pitfalls, progress and potential of private finance. Land Use Policy 71, 335-346, 614 
doi:10.1016/j.landusepol.2017.12.013 (2018). 615 

96 Smith, P. et al. Which practices co-deliver food security, climate change mitigation and 616 
adaptation, and combat land degradation and desertification? Global Change Biology 26, 1532-617 
1575, doi:10.1111/gcb.14878 (2020). 618 

97 Henry, R. C. et al. The role of global dietary transitions for safeguarding biodiversity. Global 619 
Environmental Change-Human and Policy Dimensions 58, 620 
doi:10.1016/j.gloenvcha.2019.101956 (2019). 621 

 622 


