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Abstract

Climate assessment for cities proceeds one pressure at a time, its uncertainty treated as a sum of
separable parts. Compound-event research shows this understates risk when drivers are dependent,
and urban ecology that habitat arrangement, not quantity, governs which species persist. These
have not been joined, so the contribution of green-infrastructure configuration, as against extent,
to ecological loss under polyuncertainty, the condition in which several stressors act at once and
interact, is unknown. First we measure co-occurrence in the hazards 1,070 cities disclosed to CDP
in 2021. Among the 871 naming at least one, the mean names 3.60 of ten families, and extreme

heat and water scarcity are named together by 33.8 percent against 27.2 percent under


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

19 independence, a lift of 1.24 against a fixed-margins null of 1.11 at z equal to 4.7. The dependence
20  is structured, since dry-regime hazards cluster while wet-regime hazards separate, so the pair the
21  model compounds is empirically motivated and blanket super-additivity is not. Second, a patch-
22 network metacommunity model compares fragmented, corridor, and redundant networks across
23 seven scenarios. Under an imposed super-additive interaction regime, the model produces a joint
24  heat-drought loss approximately 1.3 times the sum of the corresponding single-stressor losses. The
25  configurational consequence, by contrast, is emergent. Holding total green area constant,
26  configuration is second-order under any single stressor and first-order under polyuncertainty, the
27  fragmented network falling to a health index of 0.29 against 0.53, while corridors and pocket parks

28 raiseitto 0.57 and 0.61 against 0.34 for enlarging its isolated parks.

29  Keywords: urban climate; compound events; polyuncertainty; green infrastructure; landscape

30  connectivity; metacommunity; ecosystem services; climate adaptation; urban planning

31 1. Introduction

32 Climate science has known for more than a decade that hazards assessed one at a time are hazards
33  underestimated. When two drivers are positively dependent in their tails, the probability of their
34  joint exceedance is materially higher than the product of their marginals, so an independence
35 assumption produces a downward-biased loss estimate, and the compound-event program was
36  built to correct that bias [1,2,3,4]. The bias grows rather than holding still, because the joint
37  distribution of drivers shifts as the climate warms [3,5], and a decade of work has consolidated the

38 field’s typology and assessment machinery [6,7,8]. Yet urban ecosystems, exposed to heat,
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39  drought, fragmentation, invasion, and pollution in the same years, are still assessed one driver at a

40 time, each against a background in which the others are held constant.

41 The mismatch is visible in this journal. Two recent essays partition the uncertainty
42  attaching to climate projection into “three additive sources of uncertainty” [9], and although the
43  same author later names “their potential interactions in driving unexpected tipping points” as
44  something an assessment ought to include, he does not carry that interaction into the analysis [10].
45  An opinion piece on urban climate modeling observes that “Uncertainty is further compounded by
46  interdependencies between ECVs such as temperature, humidity, wind, and anthropogenic
47  activity”, then concludes that “No standardized framework exists for transparent uncertainty
48  integration” [11]. A framework paper tested the interaction this paper is about, between climatic
49  stress and structural capacity, and reported that “The interaction is statistically negligible”, on a
50 synthetic testbed rather than any real landscape [12]. And a review of the maps through which
51  such work reaches policy makers found that of sixty-six studies, twenty-six reported no uncertainty
52 and three put it on the map [13]. Additivity is not a straw position. It is a working assumption,
53  tested once and not rejected, and the framework that would test it properly is acknowledged to be

54  missing.

55 Whether additivity holds matters most where a city has something to decide. Cities are
56  ecosystems in their own right, coupled human and natural systems whose ecological fabric delivers
57  cooling, stormwater retention, pollination, and the everyday contact with living things on which
58  health depends [14,15,16]. The green infrastructure holding that fabric together is a piece of urban
59  capital whose configuration can be planned, and planning it is one of the few climate levers a
60  municipal government controls outright. The question is therefore narrow and practical. Given that

61 a city holds some fixed quantity of green, does the spatial configuration of that green determine
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62  how much biodiversity and how many ecosystem services survive when several stressors act at
63  once? If stressors were additive and disturbances local, the quantity of green would be a sufficient
64 statistic and configuration a second-order refinement to be settled on amenity or cost grounds. The
65 claim tested here is that under compounding stress this is exactly wrong, and that configuration

66  moves from the margin to the center.

67 The question falls between two literatures. The urban metacommunity literature has shown
68  that the spatial arrangement of habitat, and not its quantity alone, governs which species persist in
69 a fragmented city, but it has studied this along single gradients of urbanization rather than under
70  compounding stress, and it has not held green area constant while varying configuration across a
71  graded ladder [17,18,19,20]. The urban multiple-hazard and ecological-resilience literature has
72 shown that the joint action of coincident stressors is nonlinear and can cross thresholds, but it treats
73  thelandscape as a given to be assessed rather than a design variable, and carries no metacommunity
74  mechanism from compounding stress to biodiversity [21,22,23]. Theoretically, the redundancy-
75  and-connectivity vocabulary of urban resilience and the rescue-and-recolonization mechanism of
76  metacommunity ecology describe the same buffering capacity from two sides, without having been
77  joined or extended to the compounding case [24,25]. This paper closes both gaps, in a way that is

78  deliberately transparent rather than ambitious.

79 It does so in two steps, and the first disciplines the second. A model that compounds heat
80  with drought is worth building only if cities really face heat and drought together, which is
81 measurable rather than assumable, so we measure it in the hazards 1,070 cities disclosed to CDP
82  in 2021 [26]. That measurement turns out to constrain the model, because the dependence among
83  urban hazards runs in particular directions rather than across the board. The simulation then

84  permits a decomposition a two-way comparison would not: because the corridor network differs

4
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85  from the fragmented network in connectivity while the redundant network adds redundancy on top
86  of the same connectivity, the first contrast isolates connectivity and the second isolates the
87  marginal contribution of redundancy at fixed connectivity, so the result says which configurational

88  property matters at the margin rather than only that configuration matters.

89 The framework yields predictions a field program could refute, and stating them before the
90  results lets the reader hold the model to them. First, the biodiversity gap between a well-connected
91 and a fragmented network of equal area should widen as the number of co-occurring stressors
92  rises. Second, that gap should emerge with a lag, since the mechanism producing it is the failure
93  of recolonization after disturbance rather than an instantaneous mortality difference. Third,
94  connectivity-building interventions should outperform area-enlarging interventions of equal size
95  under compounding stress but not under any single stressor. Each is observable with patch-network

96  maps and species-occupancy data, and the failure of any one would count against the framework.

97 Two limits belong at the outset. The model is calibrated to no city, and its parameters are
98 chosen to exercise the mechanisms rather than to reproduce a measured landscape, which is the
99  appropriate posture while the empirical base for calibrated urban ecological prediction is still being
100 assembled [16,27]. And the assumption the model rests on divides into two halves that are not on
101  the same footing. The half that says stressors arrive together is measured here, through what cities
102  disclose, and reported in Section 3.1. The half that says their joint effect exceeds the sum of their
103  separate effects is imposed, since establishing it would require city-scale damage data resolved by
104  stressor combination that does not yet exist, and it is taken from the empirical multiple-hazard
105  literature. What the model contributes is the size of the compound effect against an additive

106  baseline and, more importantly, the dependence of that effect on configuration, neither of which
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107  is imposed. The distinction between what is assumed and what is emergent runs through the paper,

108  and the second carries the contribution.

109 2. Materials and methods

110 2.1 The urban ecosystem polyuncertainty framework

111  We define urban environmental polyuncertainty as the standing condition in which several
112  environmental stressors act on a city’s ecosystems simultaneously, interact so that their combined
113  effect departs from the sum of their separate effects, and evolve continuously rather than arriving
114  as discrete shocks. Each of its three elements is grounded rather than asserted: multiplicity, that
115 cities face heat, drought, fragmentation, invasion, and pollution together rather than in sequence
116  [28,29]; interaction, the compound-event finding that dependent drivers produce joint effects
117  larger than their separate effects added together [2,4,22]; and continuous evolution, the dynamic-
118 ecology finding that the urban disturbance regime is itself changing, so a static assessment
119  describes a landscape that no longer exists by the time it is used [30,31]. The condition is not a
120  compound event, which is a realized combination of hazards, nor deep uncertainty, which is a
121  condition of the analyst rather than the system [32,33,34]. It is the environment a city inhabits in
122 the quiet years as well as the bad ones. Fig 1 sets out the framework’s three parts. Four families of
123  interacting stressor, amplified by super-additive compounding, act on the urban ecosystem. The
124  green network, characterized by connectivity, redundancy, and patch area, buffers the ecological
125  response of local extinction, colonization, and rescue, which in turn determines biodiversity and

126  the ecosystem services that follow.
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The Urban Ecosystem Polyuncertainty Framework

Several environmental stressors interact and compound; the configuration of the green network buffers the ecological response.

Interacting stressors Biodiversity and services

Ecological response
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Polyuncertainty: the stressors arrive together, interact super-additively, and evolve continuously, rather than as discrete, well-bounded risks.

127

128  Fig 1. The urban ecosystem polyuncertainty framework. Four families of interacting stressor,
129  amplified by super-additive compounding, act on the urban ecosystem. The green network,
130  characterized by connectivity, redundancy, and patch area, buffers the ecological response of local
131  extinction, colonization, and rescue, which in turn determines biodiversity and the ecosystem

132 services that follow.

133 The first part is the set of stressors, in four families: climatic stress as heat and drought,
134  habitat stress as fragmentation and development, biotic stress as invasive pressure, and chemical
135  stress as pollution [28,29]. What makes the condition polyuncertain rather than merely multi-
136  hazard is that these families do not stay in their lanes. Drought lowers vegetation’s resistance to
137  invasion, development that fragments habitat also concentrates heat, and warming accelerates the
138  demographic changes that determine which species persist, so the joint effect exceeds the sum of
139  the parts and the parts themselves are moving [22,35]. That is why a framework organized around

140 interaction is required rather than a longer list of hazards.
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141 The second part is the green network, characterized by three configurational properties.
142  Connectivity is the degree to which patches are reachable from one another through dispersal, the
143  element that turns isolated patches into a functioning metacommunity and whose loss the founding
144  urban-ecology literature identified as the central liability of the fragmented city [25,28].
145 Redundancy is the degree to which the network spreads habitat across many patches rather than a
146  few, so no single disturbance removes a large share at once, which is the spatial expression of the
147  insurance principle in the resilience literature [16,24,36]. Patch area is the classical determinant of
148 local persistence, since larger patches carry more extinction-resistant populations [18,20]. The
149  three are not independent, and part of the framework’s purpose is to show that their relative
150 importance depends on the disturbance regime, with connectivity and redundancy rising precisely

151  as the stressors compound.

152 The third part is the ecological response. Local extinction removes a species from a patch,
153  colonization re-establishes it from occupied patches nearby, and the rescue effect lowers extinction
154  risk in well-connected patches because immigration tops up their populations, which is the classic
155  trio of the metacommunity account [25,37]. Biodiversity, the mean occupancy of species across
156  the network, then drives cooling, stormwater retention, and pollination, whose stability depends
157  on it and whose delivery is coproduced with the residents who benefit [38,39]. These responses
158  unfold with lags, so a configuration’s biodiversity consequence may take decades to appear, which
159  is one reason a snapshot assessment can be dangerously reassuring [30]. The framework’s central
160 claim is that configuration sits between the stressors and the response, and buffers it more strongly

161  precisely when the stressors compound.
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162 2.2 The green-network metacommunity model

163  We instantiate the framework in a spatially explicit patch-network metacommunity model, in the
164  tradition where local extinction and between-patch colonization jointly determine which species
165  persist across a fragmented city [17,18,25,37]. Its annual cycle is shown in Fig 2, and it is released
166  as a self-contained script with a fixed seed, so every number below is exactly reproducible. Each
167  year, stressor intensities are set with drift and compounding, spatially correlated disturbance events
168  strike, local extinction and the rescue effect are resolved, dispersal and colonization follow along
169  the connectivity network, and the ecosystem state and its services are recorded. The cycle repeats

170  over the forty-year horizon.
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The recursive annual cycle of the green-network metacommunity
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171

172 Fig 2. The recursive annual cycle of the green-network metacommunity. Each year, stressor
173  intensities are set with drift and compounding, spatially correlated disturbance events strike, local
174  extinction and the rescue effect are resolved, dispersal and colonization follow along the
175  connectivity network, and the ecosystem state and its services are recorded. The cycle repeats over

176  the forty-year horizon.

177 The city is a set of habitat patches, each a node with a location and an area standing for

178  size and quality, occupied by thirty functional groups, called species for brevity. Species are

10
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179  heterogeneous in four traits drawn from fixed distributions, a dispersal distance and sensitivities
180  to climatic stress, invasive pressure, and pollution, and a subset are pollinators. The heterogeneity
181 is deliberate, since a model treating all species alike would miss the filtering that produces
182  homogenization and governs which functions survive [19,29]. The state variable is the occupancy

183  matrix recording whether each species is present in each patch [25].
184

185 For species i and patch p, connectivity is the propagule pressure arriving from all occupied

186  patches, weighted by their area and by a dispersal kernel that decays with distance,
d
rq
187 Sip= z Oiq Agexp ( —Ti>,
q#p

188  where 0, is the occupancy of patch g by species i, A, is the area of patch g, d,,, is the distance

189  between patches, and «; is the dispersal distance of the species. An empty patch is colonized with

190  aprobability that saturates in connectivity,

2
Sip

o “r TS ke
Lp

192  where k is the connectivity at which the colonization probability reaches one half. An occupied

193  patch suffers a baseline local extinction that rises with the stress load it carries,
194 E% =1—exp|—eo(1+1/2 ko,p)],

195  where e is the chronic extinction hazard, 0;p 18 the stress load defined below, and k is the

196  compounding factor. Well-connected patches are then partly rescued by immigration, which

11
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lowers their realized extinction, the rescue effect that gives connectivity its demographic value

[18],

0 Sip
Ei,p=Ei,p 1-p Sip+5h ’

where p is the strength of the rescue effect and sy, is its half-saturation connectivity. The stress

load combines the four stressor families weighted by species sensitivities,
—ppH w v c
Oip=hpBi xp+wp; +vp; +cpy,

where h, w, v, and c are the annual intensities of heat, drought, invasive pressure, and pollution,
the B terms are the corresponding species sensitivities, and x,, is the heat exposure of the patch,

which is lower in large, high-canopy patches, reflecting the moderation of urban heat by vegetated

cover [16,40].

Two features carry the polyuncertainty signature, and both are assumptions of the model
rather than results of it. The first is super-additive compounding. When m stressors are

simultaneously active in a given year, the compounding factor
k=1+y(m-—1)

magnifies their joint effect, with y setting the strength of the interaction. The device imposes,
rather than discovers, the nonlinear intensification that compound-event research observes when
hazards coincide and that urban ecological-resilience studies observe as threshold behavior
[2,21,22]. That literature establishes the sign and threshold character of the interaction but no point
estimate of its strength, so y is set illustratively within the super-additive regime, and the reported

compound loss should be read as illustrative of that regime rather than as an estimated effect size.

12
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217  The second feature is spatially correlated disturbance. Each year brings a Poisson number of events
218  whose rate scales with total stressor intensity; each strikes a disc of the city, and every occupied
219  patch inside it loses its populations with a probability that also rises with compounding. This is
220  how isolated patches are wiped wholesale, and it is what makes connectivity and redundancy worth
221  having, since only a network that spreads risk and recolonizes from survivors recovers from such

222 events [23,24].

223 The ecological state is summarized by four service dimensions. Biodiversity is the mean
224  occupancy of species across the network. Cooling and stormwater retention scale with the standing
225  green cover, discounted by the prevailing heat, drought, and pollution. Pollination is the mean
226  occupancy of the pollinator functional groups, which depend on reaching flowering resources

227  distributed across the network [18]. These are combined into an urban ecosystem health index,
228 H = WBB + WCcCOOI + WSCstorm + WPCpollr

229  with weights of 0.46 on biodiversity, 0.18 on cooling, 0.14 on stormwater retention, and 0.22 on
230  pollination. Biodiversity takes the largest share because it underpins the stability of the other
231  services, and the qualitative results do not depend on the specific values [16,36]. Because a
232 composite can mask trade-offs, the biodiversity and physical-service dimensions are also reported

233  separately, and the index is best read alongside them.
234 2.3 Experimental design

235  The parameters are listed in Table 1. Three configurations, described in Table 2 and shown in Fig
236 3, hold total green area constant at about thirty-four units, a unit being a dimensionless area rather

237  than a physical hectare, and arrange it differently: five large isolated parks in the fragmented
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network; smaller parks linked by connective stepping-stones in the corridor network; and many
small patches together with those corridors in the redundant network, which is the closest of the
three to the intentional patch network the metacity concept proposes [41]. The design partly
decomposes the two structural properties, since the corridor network has high connectivity with
low redundancy and the redundant network adds redundancy on top of the same connectivity. Each
configuration is exposed to the seven scenarios in Table 3, running from a calm baseline through
single stressors and pairs to a fully compounding regime, for forty years under twenty Monte Carlo

replications with a fixed seed.

One compound disturbance, three fates: why configuration matters under polyuncertainty

The same 34 units of green and the same co-occurring heat and drought event strike each city; only the configuration differs

Fragmented

5 green patches - 34 units of green
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Fig 3. One compound disturbance, three fates. The three green-network configurations are
shown inside one hypothetical city of thirty-two by thirty-two units, each holding about thirty-four
units of green and differing only in configuration: five large isolated parks in the fragmented
network, smaller parks linked by connective stepping-stones along greenways in the corridor
network, and a fabric that adds distributed pocket parks in the redundant network. The same co-

occurring heat and drought event, drawn as two overlapping disturbance discs, strikes the same
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253  district in every city. In the fragmented city the struck park is isolated and cannot be recolonized,
254  soitis lost; in the corridor and redundant cities the struck patches are recolonized from connected
255  neighbors along the greenways, which is the rescue mechanism through which configuration
256  governs the response to compounding stress. Patch positions and areas are the model’s own, with
257  park areas drawn to scale; the buildings, roads, and river are illustrative urban context and are not
258  part of the model, and the disturbance and recovery are shown schematically to convey the

259  mechanism rather than a single simulation year.

260  Table 1. Parameters of the urban green-network model. Illustrative values chosen to exercise

261  the mechanisms, not calibrated to any city.

Parameter Symbol Value Role
City extent L 32 units Landscape for patch placement
Species (functional S 30 Metacommunity size
groups)
Horizon T 40 years Long-term dynamics
Monte Carlo replications 20 Stochastic robustness
Chronic extinction hazard e0 0.03 Background local extinction
Colonization half- k 0.70 Connectivity for 50 percent
saturation colonization
Rescue-effect strength rho 0.40 Connectivity lowers extinction
Compounding strength gamma (.70 Super-additive interaction
Disturbance rate 0.90 per unit Correlated events per year

stress

15
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Parameter Symbol Value Role
Disturbance radius 6.0 units Spatial extent of an event
Dispersal distance alpha 2.0 t0 9.0 units Species heterogeneity

262  Table 2. The three green-network configurations, holding total green area constant.

Configuration Patches Connectivity Redundancy Description

Fragmented 5 Low Low Five large isolated parks

Corridor 23 High Low Medium parks linked by stepping-
stones

Redundant 35 High High Small parks, corridors, and
distributed pockets

263  Table 3. The seven experimental scenarios, from a calm baseline to full polyuncertainty.

Scenario Heat Drought Fragmentation Invasive Pollution
Baseline 0.05 0.05 0.00 0.02 0.03
Heat 0.45 0.08 0.00 0.02 0.03
Drought 0.08 0.42 0.00 0.02 0.03
Fragmentation 0.06 0.06 0.35 0.03 0.03
Heat and drought 0.42 0.40 0.00 0.03 0.04
Multiple interacting 0.38 0.34 0.28 0.20 0.10
Full polyuncertainty 0.45 0.42 0.40 0.30 0.18

264  Note: Entries are annual stressor intensities.

16
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265 Within a replication the annual cycle proceeds in the order shown in Fig 2. Stressor
266 intensities are set from the scenario and multiplied by a drift factor that rises linearly to 1.6 by the
267  final year, representing the continuous intensification that distinguishes polyuncertainty from a
268  static hazard and that the compound-event literature documents as a shifting joint distribution
269  rather than a fixed one [3,5]. The number of correlated disturbance events in a year is drawn from
270  a Poisson distribution whose mean is the disturbance rate times the total stressor intensity, each
271  event is centered at a uniformly random location, and its radius expands with the compounding
272  factor. Occupied patches within an event lose their populations with a probability equal to the
273  event mortality times the species disturbance sensitivity. Chronic extinction, the rescue effect, and
274  colonization are then resolved as above, and the ecosystem state and services are recorded. Each
275  replication draws a fresh species community and, for the redundant network, a fresh placement of
276  pocket parks, while the five anchor parks and the corridor geometry are fixed. A reduced
277  Overview, Design concepts, and Details protocol for the model is given in S1 Appendix, the full
278  parameter set and the code in S2 Appendix, and a workbook of the numeric series behind every

279  figure in S1 Data.

280 2.4 Observed co-occurrence of stressors across 871 cities

281  The model assumes two things about the stressors it compounds: that they arrive together, and that
282  their joint effect exceeds the sum of their separate effects. The second cannot be measured without
283  city-scale damage data resolved by stressor combination, which does not exist, so the paper

284  imposes it and says so. The first can be measured, and this subsection measures it.

285 The data are the climate hazard disclosures cities made to CDP in the 2021 reporting cycle

286  [26]. The cycle covers 1,070 cities, of which 871 name at least one hazard, and every named hazard
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287  falls into one of the ten families listed in Table 4. Each reporting city contributes one row of a
288  binary city-by-family incidence matrix, so the object analyzed is which families a city says it faces,
289  not how severely. For every pair the lift is the observed joint frequency divided by the product of
290 the two marginal frequencies, so a lift of one is independence and a lift above one says the families

291  are reported together more often than independence implies.

292  Table 4 gives the descriptive statistics the model needs, and three features bear on how the
293  simulation is set up. The first is prevalence. Extreme heat is named by 543 cities, 62.3 percent, and
294  water scarcity by 380, 43.6 percent, so the two stressors the model compounds are the two most
295  widely reported of those with a counterpart in the framework, and 294 cities, 33.8 percent, name
296  Dboth. Climatic stress in one of those forms is present in 629 cities, 72.2 percent. Biological hazards,
297  the closest counterpart to the model’s biotic family, are named by 206 cities, 23.7 percent, and

298  chemical change by 96, 11.0 percent.

299 The second feature is that the mapping to the framework is partial, and pretending
300 otherwise would misrepresent what the data can support. Heat and water scarcity are climatic stress
301 in exactly the sense the model uses. Biological hazards and chemical change are approximate
302  counterparts, defined more broadly in the disclosure than invasive pressure and pollution are in
303 the model. And habitat fragmentation has no counterpart at all, being a land-use process rather
304 than an event a city discloses as a hazard, so that family is not tested here. Six of the ten disclosed
305 families enter only as part of the co-occurrence structure. Of the three framework families that can
306 beobserved, 22.5 percent of cities report none, 52.0 percent one, 21.6 percent two, and 3.9 percent
307  all three, which places the scenario ladder in perspective: the heat and drought rung describes a

308 third of disclosing cities, the fully compounding rung a small minority.
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309 The third feature makes the null in the next paragraph necessary rather than decorative.
310  The rarer a family, the broader the reporting of the cities naming it: cities naming flood and sea
311  level rise report 3.32 other families on average, against 4.48 for extreme cold, 4.44 for biological
312  hazards, and 4.16 for chemical change, and between 0.7 and 3.1 percent of cities naming those
313  three rare families name nothing else. Rare hazards are therefore markers of broad disclosure as
314  much as of unusual exposure, and any measure of association that does not hold reporting breadth

315  constant reads that pattern as dependence between the hazards.

316  Table 4. Descriptive statistics of the 2021 CDP hazard disclosure, by hazard family.

Hazard family ~ Model stressor Share of Mean other families Reported
family Cities the 871 reported alongside alone

Flood and sea No counterpart 549 0.630 3.32 0.067

level rise

Extreme heat Climatic, heat 543 0.623 345 0.024

Extreme No counterpart 488 0.560 3.15 0.113

precipitation

Water scarcity Climatic, 380 0.436 3.71 0.045
drought

Storm and wind  No counterpart 338 0.388 3.69 0.041

Wildfire No counterpart 225 0.258 3.99 0.040

Biological Biotic 206 0.237 4.44 0.010

Mass movement No counterpart 170 0.195 4.08 0.018

Extreme cold No counterpart 142 0.163 4.48 0.007
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Hazard family  Model stressor Share of Mean other families Reported
family Cities the 871 reported alongside alone
Chemical Chemical 96 0.110 4.16 0.031
change
317 Shares are of the 871 cities naming at least one hazard. The model stressor family column

318 records which of the framework’s four families each disclosed family corresponds to, with no
319  counterpart marking families that lie outside the framework. The last two columns show how many
320  other families a city naming this one reports on average, and the share of such cities naming

321 nothing else.

322 The naive independence benchmark is not sufficient, and this is the methodological point
323  on which the analysis turns. A city reporting six families contributes to fifteen pairs while a city
324  reporting two contributes to one, so heterogeneity in reporting breadth generates positive co-
325  occurrence between every pair even when nothing about the hazards is dependent. We therefore
326  benchmark every lift against a fixed-margins null generated by curveball trades. A trade selects
327  two cities, pools the families unique to each, and redistributes that pool so each keeps the number
328 it began with, preserving both every city’s reporting breadth and every family’s prevalence while
329  destroying the pairing structure, so the null holds constant everything except the association being
330 measured. We run 5 trades per city per replicate and 2,000 replicates from the fixed seed 20260828,
331 and report for each pair the observed lift, the mean and 95 percent interval of the null, the

332  standardized excess, and a two-sided p value.

333 Two limitations bound what this can establish, and both belong before the results. The

334  disclosures are self-reported and voluntary, so they measure the hazards a city perceives and elects
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335  to report, and the sample is selected toward cities with the capacity to disclose. And the cycle is a
336  single cross-section, so co-occurrence means two families are named by the same city, not that
337  they struck in the same year. The analysis therefore establishes that the multiplicity and
338  dependence the framework posits are present in how cities describe their exposure, which is the
339  premise the model needs, and not that the hazards coincide in time, which would require the design
340 set out in the discussion. It should also be recorded that a companion manuscript by the author,
341 under review elsewhere, uses this same public dataset for a different quantity, the convergence of

342  hazards on shared urban systems, and does not report the pairwise dependence analyzed here.

343 3. Results

344 3.1 In real cities, stressors are disclosed together, and heat and

345 water scarcity are positively dependent

346  Cities do not face one climate hazard at a time. Among the 871 cities naming at least one family
347  inthe 2021 CDP cycle, the mean city names 3.60, the median three, and one names all ten, while
348  only 154 cities, 17.7 percent, name a single family; 67.2 percent name three or more and 31.3
349  percent name five or more, as Fig 4a shows. The multiplicity the framework posits is therefore the
350 ordinary condition of a disclosing city rather than a stylized premise, and an assessment that
351  evaluates one hazard at a time is, for two cities in three, evaluating a third or less of what the city

352 says it faces.
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(a) Urban climate stressors arrive together (b) Pairs depart from the fixed-margins null
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353

354  Fig4. Urban climate stressors are disclosed together, and their pairing is structured. (a) The
355  number of distinct hazard families named by each of the 871 cities that reported at least one in the
356 2021 CDP cycle. (b) For the ten pairs whose lift departs furthest from the fixed-margins null, the
357  observed lift, shown as a point, against the null 95 percent interval, shown as a bar, with the null
358 mean marked. The dotted line at one is naive independence. Heat and water scarcity, the pair the

359  model compounds, is marked in orange.
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Taken at face value the dependence structure is strongly positive, since 39 of the 45 family pairs have a lift above one. That
reading is wrong, for the mechanical reason set out in the methods: breadth of reporting alone manufactures positive co-occurrence.
Against the fixed-margins null, which holds reporting breadth and family prevalence constant, only 23 of the 45 pairs exceed the null
mean, and 16 differ from it at the 5 percent level, seven above and nine below. The pairs that survive are a specific set rather than the

whole field.

The pair the model compounds survives, and it survives the strict test rather than the naive one. Extreme heat and water scarcity
are named together by 294 cities, 33.8 percent of the sample, against 27.2 percent under naive independence, a lift of 1.24. The fixed-
margins null puts that lift at 1.11 with a 95 percent interval from 1.05 to 1.16, so roughly half of the naive excess is the mechanical
artifact and the other half is not, and the observed value sits well outside the interval at z equal to plus 4.7, with a two-sided p below
0.0005 on 2,000 replicates. Table 5 reports this pair alongside the nine others that depart furthest from the null. Flood and sea level rise
with extreme heat departs furthest of all, at a lift of 1.17 against a null of 1.06 and z of plus 5.6, and water scarcity with wildfire and

extreme heat with extreme cold are also positive at z of plus 3.7 and plus 4.4.

Table S. Pairwise dependence among hazard families, the ten pairs departing furthest from the fixed-margins null.
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Null 95

Pair Cities with  Observed Independenc Lift Null percent P
both share e expectation mean interval

Flood and sea level rise and 399 0.458 0.393 1.17 1.06 1.02to 1.10 <0.0005
extreme heat
Extreme heat and water 294 0.338 0.272 1.24 1.11 1.05to 1.16 <0.0005
scarcity
Extreme heat and extreme 124 0.142 0.102 1.40 1.17 1.06 to 1.28 <0.0005
cold
Water scarcity and wildfire 143 0.164 0.113 1.46 1.23 1.11to 1.34 <0.0005
Extreme precipitation and 52 0.060 0.062 0.97 1.20 1.06 to 1.34 <0.004
chemical change
Storm and wind and wildfire 89 0.102 0.100 1.02 1.25 1.11to 1.39 <0.002
Extreme precipitation and 89 0.102 0.109 0.93 1.18 1.06 to 1.29 <0.0005

mass movement
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Null 95

Pair Cities with  Observed Independenc Lift Null percent P
both share e expectation mean interval
Extreme precipitation and 205 0.235 0.244 0.96 1.12 1.06 to 1.18 <0.0005
water scarcity
Flood and sea level rise and 293 0.336 0.353 0.95 1.06 1.02to 1.11 <0.0005
extreme precipitation
Extreme precipitation and 116 0.133 0.145 0.92 1.16 1.06 to 1.25 <0.0005

wildfire
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374 The negative side of the table is as informative, and it disciplines the model rather than
375  decorating the result. Extreme precipitation is reported with wildfire, mass movement, water
376  scarcity, chemical change, and flood and sea level rise less often than the null implies, at z between
377  minus 3.1 and minus 5.0, and storm and wind with wildfire is likewise negative. The pattern is
378  coherent rather than noisy: hazards of the dry regime cluster and hazards of the wet regime separate
379  from them, which is what a climatological account predicts and a mechanical artifact would not
380 produce. The consequence for the paper is direct. It would be wrong to assume that every pair of
381  urban stressors compounds, and a model that applied super-additivity indiscriminately across all
382  pairs would be assuming something the data contradict. What the data support is the narrower
383 claim the model actually makes, that the specific combination it exercises, heat together with

384  drought, is a combination cities really do face together.

385 The result weakens under a stricter definition, and the weakening should be reported rather
386  than absorbed. Restricting the matrix to hazards a city reported as having significantly affected it
387 leaves 799 cities and a mean of 3.02 families, and the heat and water scarcity lift falls from 1.24
388 to 1.18 against a null of 1.10, at z of plus 1.8 and p of 0.073, so on that definition the pair is no
389  longer distinguishable from the null. Two results move the other way, water scarcity with wildfire
390  strengthening to 1.67 at z of plus 5.0 and heat with cold to 1.46 at z of plus 3.9. The honest
391 summary is that the multiplicity finding holds, that the sign and the structure of the dependence
392  hold with it, and that the magnitude of the heat and water scarcity association does not, since it
393  depends on whether one counts hazards a city names or hazards a city says have already hurt it.

394  That is a smaller claim than the model needs to be true, and it is stated here at its true size.
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395 3.2 Compound stressors interact super-additively, and additive

396 assessment understates the loss

397  The first result concerns the size of the interaction that the model imposes, and it is shown in Fig
398 5. Because the compounding factor makes super-additivity an assumption, this result is not
399  evidence that compounding is super-additive in the world; that premise is taken from the empirical
400  compound-event and multiple-hazard literatures [2,21,22]. What the result shows is how large the
401 compound effect is relative to an additive baseline under a plausible interaction strength, and
402  therefore how much an additive assessment would miss. On the corridor network, heat alone and
403  drought alone each remove a modest amount of ecosystem health relative to the baseline. Applied
404  together, they remove distinctly more than their separate losses add to, and the compound loss is
405  about 1.3 times the summed single-stressor losses, which places the imposed interaction firmly in
406  the super-additive regime that the empirical literature describes. On the corridor network, the loss
407  inthe urban ecosystem health index from combined heat and drought exceeds the sum of the losses
408 from each stressor alone, by a factor of about 1.3. The dotted line marks the summed single-stressor

409  loss.
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Compound stressors are super-additive: 1.30x the sum of singles
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411  Fig 5. Compound stressors are super-additive. On the corridor network, the loss in the urban
412  ecosystem health index from combined heat and drought exceeds the sum of the losses from each

413  stressor alone, by a factor of about 1.3. The dotted line marks the summed single-stressor loss.

414 The qualitative point does not depend on the exact interaction strength, and it is worth
415  spelling out for practice. A city commissioning one heat assessment and one drought assessment,
416  each against a background holding the other at baseline, adds two modest losses to obtain a
417  planning figure. Because the joint effect exceeds the sum, that figure is too low, and too low by an
418 amount that grows as the two hazards become more likely to arrive in the same years, which is the
419  direction a warming and drying climate is moving the joint distribution [3,5]. The error is therefore
420 not a fixed bias that could be absorbed into a safety margin once and forgotten. It is a bias that

421  widens with the very trend the assessment exists to anticipate, and this is the sense in which the
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422  additive treatment of separable uncertainty sources, whether in climate projection [9] or in

423  resilience assessment [12], is progressively misleading rather than simply incomplete.
424 3.3 Configuration decides the outcome under compounding stress

425  The second and central result is emergent rather than assumed. Configuration, holding total green
426  area fixed, governs how much biodiversity and ecosystem health survive, weakly under mild stress
427  and decisively under full polyuncertainty. Nothing imposes that the configurations should diverge;
428  the divergence arises from the interaction of the assumed compounding and correlated disturbance
429  with the connectivity structure. Fig 6 shows final health and biodiversity across all networks and
430  scenarios. At the baseline and under any single stressor the three perform similarly, with only a
431 modest penalty to the fragmented configuration, reflecting the classical liability of isolated
432  patches, whose smaller populations are more extinction-prone and whose recolonization pathways
433  are thin [18,20]. As the scenarios climb toward full polyuncertainty, the networks diverge sharply.
434  Under full polyuncertainty the fragmented network’s health index falls to about 0.29 while the

435  redundant network holds near 0.53, and the corridor network sits between them at about 0.48.

(a) Final ecosystem health by network and scenario (b) Biodiversity (mean occupancy)
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437  Fig 6. Ecosystem health and biodiversity by network and scenario. (a) Final urban ecosystem
438  health index for each configuration across the scenario ladder; the networks are similar under mild
439  stress and diverge sharply under compounding stress. (b) Biodiversity, measured as mean species

440  occupancy, for each network and scenario.

441 Because the configurations vary connectivity and redundancy separately, this ordering also
447  decomposes the effect, and the decomposition is the more useful half of the result. The rise from
443  the fragmented to the corridor network, 0.29 to 0.48, is connectivity added at fixed area; the further
444  rise to the redundant network, 0.48 to 0.53, is redundancy added at fixed connectivity. Connectivity
445  therefore carries roughly four fifths of the gap between the worst and best configuration, and
446  redundancy adds a smaller but real increment. This upgrades the finding from the general claim
447  that configuration matters to a statement about which property matters at the margin, and it has a
448  direct planning reading, since connectivity is usually the cheaper of the two to build. The
449  divergence is also not a smooth widening of a small gap but the appearance of a qualitative
450  difference in behavior, in which one network absorbs the compounding stress and another does
451  not, a pattern consistent with the threshold character that urban ecological resilience exhibits when
452  adriver crosses a critical level [21] and with the wider finding that systems under compounding

453  pressure can shift regime rather than degrade smoothly [42].

454 The divergence is starkest in the biodiversity trajectories under full polyuncertainty, shown
455 in Fig 7. The fragmented network collapses, its mean occupancy falling steadily to about 0.08,
456  roughly one tenth of the network, as isolated parks are struck by disturbance and cannot be
457  recolonized across the intervening matrix. The redundant network retains about 0.45, four to five
458  times as much, and the corridor network again lies between at about 0.34. The shape of the

459  fragmented trajectory is the lagged loss that the dynamic strand of urban ecology has taught the
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460 field to expect, in which the full biodiversity cost of a spatial configuration accumulates year on
461  year rather than arriving all at once, because each disturbance that clears an isolated patch removes
462  a population that connectivity would otherwise have replaced [30]. This lag is the second of the
463  three predictions set out in the introduction, and it matters for monitoring, since a city reading its
464  biodiversity indicators in the early years of a compounding regime would see the three
465  configurations performing similarly and would draw the wrong conclusion about which one it
466  should be building. Lines show mean occupancy over forty years and shaded bands the tenth to
467  ninetieth Monte Carlo percentiles. The fragmented network collapses while the redundant network

468 retains most of its biodiversity.

Biodiversity collapse under full polyuncertainty, by network configuration
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470  Fig7. Biodiversity collapse under full polyuncertainty, by network configuration. Lines show
471  mean occupancy over forty years and shaded bands the tenth to ninetieth Monte Carlo percentiles.

472  The fragmented network collapses while the redundant network retains most of its biodiversity.
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473 The collapse is also the model’s expression of biotic homogenization, since the survivors
474  are disproportionately mobile, stress-tolerant generalists and the specialists lost are those
475  connectivity would have rescued [29]. Because services rest on biodiversity, they track the
476  biodiversity result. Fig 8 shows the redundant network delivering higher biodiversity, cooling,
477  stormwater retention, and pollination under full polyuncertainty, with pollination most sensitive to
478  configuration because pollinators must reach flowering resources across the network [18]. The
479  services decline together rather than in parallel, because the connectivity that maintains species
480  also maintains the groups that provide them [38,39]. It can be seen that biodiversity, cooling,
481  stormwater retention, and pollination are all higher in the connected and redundant network than
482  in the fragmented one, since the connectivity that maintains species also maintains the functional
483  groups that supply the services.

Ecosystem services under full polyuncertainty, by network
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485  Fig 8. Ecosystem services under full polyuncertainty, by network. Biodiversity, cooling,

486  stormwater retention, and pollination are all higher in the connected and redundant network than
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487  in the fragmented one, since the connectivity that maintains species also maintains the functional

488  groups that supply the services.
489 3.4 Where green is added matters more than how much

490  The third result speaks directly to planning. Starting from the fragmented city under full
491  polyuncertainty, we test three restoration strategies that each add a comparable quantity of green
492  in a different spatial configuration, shown in Fig 9. Enlarging the existing isolated parks, which is
493  the intuitive response of adding more of what is already there, barely improves the outcome, raising
494  the health index from about 0.29 to about 0.34. Adding corridors that connect the parks raises it to
495  about 0.57, and adding distributed pocket parks raises it furthest, to about 0.61. The transferable
496  conclusion is the ranking of the strategies rather than the particular index values, which are
497  illustrative: the marginal green unit is worth far more when it is placed to build connectivity or
498 redundancy than when it is used to enlarge patches that remain isolated. This is the third of the
499  paper’s predictions, and it is conditional in a way worth emphasizing, since the same ranking does
500 not hold under any single stressor, where enlarging a park raises local population size and does
501 most of what is needed. It is compounding that changes the answer, because compounding acts
502  through correlated disturbance that removes whole patches at once, and against that mechanism a
503 larger isolated patch is a larger thing to lose rather than a safer one. Starting from the fragmented
504 city under full polyuncertainty, enlarging existing parks barely helps, while adding corridors or

505 distributed pocket parks, at comparable green area, restores far more ecosystem health.

33


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

Where you add green matters more than how much: restoration under polyuncertainty
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507  Fig 9. Where green is added matters more than how much. Starting from the fragmented city
508 under full polyuncertainty, enlarging existing parks barely helps, while adding corridors or

509 distributed pocket parks, at comparable green area, restores far more ecosystem health.

510 3.5 Robustness

511 The advantage of the connected and redundant network over the fragmented one is robust to the
512  model’s parameters within the range tested. Fig 10 reports a one-way sensitivity analysis in which
513  the chronic extinction rate, the colonization half-saturation, the rescue-effect strength, and the
514 compounding strength are each varied by plus or minus twenty-five percent. The network
515 advantage, measured as the difference in final ecosystem health between the redundant and
516  fragmented configurations under full polyuncertainty, stays in a narrow band around its central
517  value of about 0.24 across every variation, and the ordering of the three networks never changes.

518 Each parameter is varied by plus or minus twenty-five percent; the advantage of the redundant
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519 network over the fragmented one under full polyuncertainty stays close to its central value and

520 never reverses.

Sensitivity of the connectivity advantage to model parameters (+/-25%)
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522  Fig 10. Sensitivity of the connectivity advantage. Each parameter is varied by plus or minus
523  twenty-five percent; the advantage of the redundant network over the fragmented one under full

524  polyuncertainty stays close to its central value and never reverses.

525 The analysis is one-way and therefore partial, and its limits should be stated rather than left
526 to inference. It does not vary the disturbance rate or radius, which drive the correlated-disturbance
527  mechanism that makes connectivity worth having, nor does it explore interactions among
528  parameters, so what is shown is robustness to single-parameter perturbation rather than to the full
529  parameter space. It varies parameters but not the landscape geometry, since every run uses one
530  stylized layout with fixed anchor parks, so robustness to alternative city geometries remains to be
531 shown. And while the Monte Carlo bands in Fig 7 separate cleanly between the fragmented and
532  redundant networks, no formal test of every pairwise difference against Monte Carlo noise has

533  been conducted. Within that scope the qualitative conclusions are not artifacts of a particular
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540
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542

543

544

545

546

parameter choice, which matters because an illustrative model rests on the stability of its

mechanisms rather than the precision of any single number [43].

Table 6 collects the headline figures, reporting for each network the ecosystem health index
at the baseline and under full polyuncertainty, the health lost between them, and the final
biodiversity under full polyuncertainty. The health lost from baseline to full polyuncertainty is

smallest for the redundant network and largest for the fragmented one.

Table 6. Ecosystem health and biodiversity by network.

Network  Health, baseline Health, full Biodiversity, full
polyuncertainty Health lost polyuncertainty
Fragmented 0.83 0.29 0.54 0.08
Corridor 0.96 0.48 0.48 0.34
Redundant 0.97 0.53 0.44 0.45

4. Discussion

The results carry a consistent message. Under any single stressor a city’s stock of green
infrastructure summarizes its ecological prospects well enough, and configuration is second-order.
Under polyuncertainty configuration becomes first-order, and connectivity and redundancy do
most of the work. That matters because the conditions under which configuration is decisive are

the conditions cities are moving toward [5,22,35,44].
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547 4.1 What follows for assessment practice

548  The finding that the compound effect exceeds what the separate effects add to has an immediate
549  implication for assessment, and it holds whether the true interaction is as strong as the value
550 assumed here or weaker, provided only that it is super-additive at all. Impact assessment and urban
551  biodiversity monitoring typically evaluate pressures one at a time, and urban ecological research
552  has itself been criticized as fragmented, which makes a joint treatment of interacting stressors the
553  exception [31]. If the joint effect exceeds the sum, as the compound-event and nonlinear-resilience
554  literatures suggest [2,4,21,22], then single-stressor assessment is systematically optimistic, and the
555 optimism grows as the climate makes co-occurrence more likely. A polyuncertainty-aware
556  assessment would test combinations rather than each stressor against a baseline, and would treat
557  the spatial coincidence of hazards, and not their marginal intensities alone, as a variable of interest

558  [8,23].

559 The disclosure evidence sharpens that recommendation in two ways. It says which
560 combinations are worth testing, since a city testing all forty-five pairs would waste most of its
561  effort on pairs that are independent or that separate, whereas the seven departing positively from
562  the null are a short list. And the list is regime-specific rather than universal, since heat, water
563  scarcity, and wildfire cluster while extreme precipitation separates from all three, so the right
564  combination to stress test in a drying city is not the right one in a wet city. That is more useful than
565  the general injunction to consider compound events, and it comes from a dataset cities already
566  produce, which matters because the binding constraint on assessment reform is usually the cost of

567  the extra analysis rather than the concept.
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568 A second and less comfortable implication concerns how uncertainty itself is decomposed.
569 The convention in climate projection is to partition uncertainty into scenario, model, and internal-
570  variability components and treat them as additive [9,45]. That partition serves questions about the
571  spread of a projected mean. It is less safe for questions about damage, because the mapping from
572  drivers to damage runs through a system whose response to two simultaneous drivers is not the
573  sum of its responses to each, and an additive decomposition of inputs cannot recover a super-
574  additive response of the output. Under the parameters used here, a city assessing its green network
575  with an additive apparatus would understate the damage from co-occurring heat and drought by
576  roughly thirty percent and would misrank the three configurations entirely, since under single
577  stressors they are nearly indistinguishable. The additive partition is not wrong as an accounting of
578  projection spread; it is the wrong object to carry into an impact assessment, and the interaction

579  terms it sets aside are the terms a planner needs [10,11].

580 The one direct test of this interaction published in this journal returned a null. On a
581 synthetic testbed calibrated to low-income distributions, the interaction between climatic stress
582 and structural capacity was statistically negligible and the resilience surface was well
583  approximated by a sum of independent effects [12]. That result deserves to be read at full strength
584  before it is qualified, and it is a useful corrective to the assumption that interaction effects appear
585  wherever they are sought. Two features of its design bear on how far it travels. Its data were
586  synthetic, so the interaction it tested was one the data-generating process did not contain, and its
587  unit was a rural district rather than a city, so the correlated-disturbance mechanism through which
588  configuration operates here had no counterpart. The question therefore remains open on the
589  empirical side, and settling it requires the city-level test set out below rather than a further round

590  of simulation.
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591 4.2 What follows for planning

592  The finding that where green is added matters more than how much reframes the central planning
593  choice. The long-standing debate over a few large reserves against many small ones has an answer
594  here that is conditional on the disturbance regime. Under compounding stress with correlated
595 disturbances, distributing green across many connected patches spreads the risk any one
596  disturbance poses and preserves the recolonization pathways that let the network recover, which
597 is the spatial form of the insurance and redundancy principles the resilient-cities literature
598 identifies [24,46,47]. Large parks are not thereby unimportant, since patch area governs local
599  persistence and large source patches supply the colonists the rest of the network depends on
600 [18,28]. It means a planner holding a fixed budget should weight connectivity and redundancy
601  heavily, favoring corridors, stepping-stones, and a distributed fabric of pocket parks and green
602  roofs over enlarging already-isolated reserves, and should conceive the result as an intentional
603  patch network rather than a collection of amenities [41]. Because the model is uncalibrated, this is

604  a direction and a ranking rather than a promise of particular gains.

605 The lag has its own planning consequence, and it is the one most likely to be missed.
606  Because the biodiversity cost of a fragmented configuration accumulates rather than arriving at
607  once, a city can appear to be coping while drawing down an ecological account that will later be
608 found empty, and the appearance of coping is strongest in exactly the early years when the
609  configuration could still be changed cheaply. This is the ecological form of a general problem in
610  adaptation, that the window in which an intervention is cheap closes before the evidence it was
611 needed becomes visible, and it argues for acting on structure rather than waiting on indicators

612  [34,48,49]. Adaptive policy pathways are the natural instrument, since the decision is not whether
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613  to build connectivity but when to commit, and an explicit trigger converts an unanswerable

614  question about the future into an answerable one about a signal [50,51].

615 The results also carry a distributional implication that the model does not itself test. If the
616 fragmented, poorly connected green networks that fare worst under compounding stress coincide
617  with underserved neighborhoods, as the equity critique of urban resilience and the evidence on
618  unequal access to adaptation would both lead one to expect, then the technical case for connectivity
619 is also a case about who bears the cost of ecological collapse, and the two would need to be
620  addressed together [52,53]. This is not a decorative observation. It changes what the planning lever
621 is, because a connectivity investment that is efficient in aggregate can be regressive in incidence
622  if the corridors are built where the network is already dense, and the ranking of restoration

623  strategies reported above is silent on where in the city each strategy is applied.

624 4.3 What follows for the idea of urban resilience

625  The results answer one of the resilience literature’s own criticisms. Resilience has been faulted for
626  vagueness, for naming a desirable property without specifying the structure that produces it
627  [52,54]. The model supplies a concrete structural basis for ecological resilience in the city, the
628  connectivity and redundancy of the green network, and shows that this structure separates a
629  network that absorbs compounding stress from one that collapses under it. That is resilience with
630  operational and spatial content, connected to the planning decisions that shape urban form
631 [36,55,56], and it bears on the effort to say what an adaptive capacity consists of, since a structural

632  definition is measurable in a way that a dispositional one is not [57,58,59].

633 The collapse also has a compositional reading. The fragmented network does not lose

634  species at random; it retains the mobile, stress-tolerant generalists and sheds the sensitive
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635  specialists that depend on rescue from neighbors, so the biodiversity that remains is both lower
636  and more homogeneous, which is the signature the urban homogenization literature documents
637  [29]. Homogenization and configuration are therefore linked, since the poorly connected network
638 filters hardest for generalists. The survivors are also those under the strongest selection, so a fuller
639 treatment would let rapid evolutionary change accompany the demographic collapse [35,60,61];
640  holding traits fixed captures only the demographic half, and the omission does not soften the case
641  for connectivity. None of this arranges itself, finally, since where green is placed and whether it is
642  maintained are decisions of land and urban governance, and the capacity to make them under a

643  changing climate is itself a governance problem [62,63,64,65,66].

644 4.4 Limitations

645  Several limitations follow from the model’s deliberate simplicity. The landscape is stylized and
646  the species are functional groups rather than real taxa, so the numbers illustrate mechanisms rather
647  than predict outcomes for a named city [27,67]. Super-additivity and its strength are imposed rather
648  than estimated, so only the qualitative direction of the compound effect and its interaction with
649  configuration should be read as general. The disturbance process is generic, where a field
650 application would resolve heat, drought, flood, and outbreak into distinct signatures [4,22]. The
651  service functions are monotone summaries rather than calibrated production functions, the index
652  weights are a modeling choice, and species traits are fixed while urban populations adapt on the
653  timescales the model runs [60]. The sensitivity analysis is one-way and holds the landscape
654  geometry fixed. And the model omits the governance layer that decides where green is placed,

655  which urban ecology would insist is part of the system rather than an add-on [68,69,70]. None of
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656  this bears on the qualitative results, which hold across the parameter ranges tested and follow from

657  well-established mechanisms rather than fine-tuned assumptions [25,43].

658 The empirical section carries limitations of a different kind. The disclosures are voluntary
659 and self-reported, so what is measured is the set of hazards a city perceives and elects to report,
660 and the sample is selected toward cities with the capacity to disclose. The cycle is a single cross-
661  section, so co-occurrence means two families are named by the same city rather than that they
662  struck in the same year, and the analysis speaks to standing exposure rather than the timing of
663  events. And the magnitude of the heat and water scarcity association is sensitive to definition.
664  What survives all three qualifications is the multiplicity result and the structure of the dependence,

665  the two things the model needs, and not a point estimate of how strongly heat and drought coincide.

666 Taken together, the empirical section establishes the premise of co-occurrence but not the
667  outcome the model predicts, so the modeling contribution remains a well-specified hypothesis and

668  amechanism rather than a measurement. The next section says plainly what would turn it into one.
669 4.5 The test this paper invites

670  Three extensions would sharpen the framework, and the first matters most. The empirical section
671  took the first of the model’s two premises to real cities and found it holds; it did not take the
672  outcome there, and that is the step that would convert a mechanism into a measurement. It requires
673  asample of cities for which three things can be measured: the configuration of the actual green
674  network as patch geometry, connectivity, and redundancy; exposure to heat and drought, separated
675 into years in which each acts alone and years in which they coincide; and an outcome the model
676  predicts, of which the depth of decline and time to recovery in vegetation response after a stress

677  event is the most tractable at scale, since it maps onto the health index and its recovery. The test is
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678  whether the observed response to co-occurring heat and drought exceeds the sum of the responses
679  to each alone, and whether that excess depends on configuration as the model predicts. A positive
680 answer would establish super-additivity in observation rather than assumption; a negative one
681  would corroborate the additive finding already reported in this journal on synthetic data [12]. Such
682  a design would also answer a limitation urban climate modeling has flagged against itself, that
683  models validated on European cities carry uncertain validity elsewhere [11], since a sample
684  weighted toward Asian and global South cities would test the mechanism where the urban-ecology

685 literature has long noted its own thin coverage [71,72].

686 The second extension is early-warning indicators for the collapse the model produces, since
687  the lagged, threshold dynamics suggest it may be detectable before it completes and the statistical
688  theory of critical transitions offers candidate signatures that spatially explicit monitoring could
689  look for [21,23,42,73]. The third is coupling the ecological network to the governance processes
690 that shape it, closing the loop between how a city decides and how its ecosystems fare [16,68,74].
691  Widening the geography of such work beyond the global North, and taking the provisioning
692  dimensions of urban green space seriously, would ground the framework in the diversity of actual
693  urbanization [71,72,75,76]. How far standard ecological theory reaches into urban systems remains

694  the productive tension in which such work proceeds [19,77,78,79].

695 5. Conclusions

696  Urban biodiversity is usually assessed as if the city faced one pressure at a time, and climate
697  uncertainty is usually decomposed as if its sources were separable and additive. Cities face several

698  pressures at once, and this paper has asked how the spatial configuration of a city’s green

43


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

699 infrastructure governs the fate of its biodiversity and ecosystem services under that condition. The
700  first half of the answer is empirical. Across the 871 cities disclosing a hazard to CDP in 2021, the
701  mean city names 3.60 of ten families and two thirds name three or more, and heat and water
702  scarcity are named together by a third against 27.2 percent under independence, a lift of 1.24 that
703  survives a fixed-margins null at z equal to 4.7. That dependence runs along regime lines rather
704  than across the board, which motivates the pair the model compounds and rules out the assumption
705  that every pair of urban stressors does so. The second half is the model. Using a spatially explicit
706  patch-network metacommunity that holds total green area constant, we found that co-occurring
707  stressors, when allowed to interact super-additively at a strength consistent with the compound-
708  event literature, remove about a third more ecosystem health than their separate effects would sum
709  to; that configuration is a second-order concern under single stressors but a first-order determinant
710  under full polyuncertainty, with a fragmented network falling to a health index of 0.29 and a mean
711  occupancy of 0.08 while a connected and redundant network of identical green area holds 0.53 and
712 0.45; and that where green is added matters more than how much, since corridors and distributed
713  pocket parks raise the fragmented city to 0.57 and 0.61 while enlarging its isolated parks raises it
714  only to 0.34. The first of these follows from an assumed interaction and the second is emergent,

715  and it is the second that carries the paper’s contribution.

716 Three things follow. First, assessment that evaluates pressures one at a time is
717  systematically optimistic, and its optimism grows as the climate makes co-occurrence more likely,
718  so the reform is to test combinations rather than refine each pressure in isolation. Second, urban
719  ecological resilience can be given concrete structural content, the connectivity and redundancy of
720  the green network, which makes it a property a city can build rather than an aspiration it can state.

721  Third, the lever that does most of the work under compounding stress is arrangement rather than
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722  quantity, which inverts a common heuristic and points a fixed budget toward corridors and a

723  distributed fabric of small patches.

724 The framework is falsifiable in principle, since it predicts a network advantage that widens
725  with the number of co-occurring stressors, appears with a lag, and favors connectivity over
726  quantity only under compounding, and testing it against real patch-network and vegetation-
727  response data is the natural next step. The premise that stressors arrive together is now measured,
728  through what cities disclose, rather than assumed, and it holds. That they compound super-
729  additively, and that configuration decides what survives when they do, remain the behavior of a
730  transparent model rather than evidence about any city, and should be read that way until the
731  outcome side is measured too. The polyuncertainty a city cannot prevent, it can still prepare for,

732  and the preparation is written into the shape of its green network.
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The Urban Ecosystem Polyuncertainty Framework

Several environmental stressors interact and compound; the configuration of the green network buffers the ecological response.,
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Sensitivity of the connectivity advantage to model parameters (+/-25%)
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The recursive annual cycle of the green-network metacommunity
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One compound disturbance, three fates: why configuration matters under polyuncertainty

The same 34 unils of green and the same co-cocurmng heat and drought event strike each city; only the configuration differs,
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Compound stressors are super-additive: 1.30x the sum of singles
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(a) Final ecosystem health by network and scenario
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(b) Biodiversity (mean occupancy)
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Biodiversity collapse under full polyuncertainty, by network configuration
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Ecosystem services under full polyuncertainty, by network
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Where you add green matters more than how much: restoration under polyuncertainty
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