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Abstract 24 

Burgeoning populations and the increasing concentration of humans in urban areas result in 25 

extensive and increasing degradation and destruction of natural ecosystems. The multitude of 26 

impacts and their drivers in urban areas across realms are often studied at local scales, but 27 

there is regularly a mismatch between the spatial extent of the impacts and that of the 28 

pressures driving those impacts. For example, most human activities occur on land and 29 

therefore disturb terrestrial habitats (intrinsic impacts), but their impacts can also extend to 30 

the atmosphere and aquatic realms (extrinsic impacts). Management of urban impacts is often 31 

designed at local scales and aims to control local pressures, mostly overlooking pressures 32 

originating outside the ‘managed’ area. This is often due to jurisdictional barriers but can also 33 

result from the lack of knowledge and recognition of larger scale pressures among scientists 34 

and managers. With the aim to highlight the importance of ameliorating extrinsic impacts for 35 

holistic management of urban areas, this study discusses the range and extent of extrinsic 36 

impacts produced by the most common pressures in urban environments. We discuss that the 37 

terrestrial realm is a ‘net-donor’ of impacts, as most human activities occur on land and the 38 

resulting impacts are transferred to aquatic and atmospheric realms. However, activities in 39 

aquatic realms can derive in impacts on land. We conclude that, to achieve effective 40 

management strategies, greater collaboration is needed between scientists and managers 41 

focussing on different realms and regions and we present suggestions for approaches to 42 

achieve this. 43 

 44 
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1. Introduction 47 

The ecological impacts of urbanisation are extreme and often irreversible, including 48 

habitat loss and degradation through pollution, direct modifications (construction) and 49 

introductions of non-indigenous species, resulting in ecological change and biotic 50 

homogenisation (Walsh et al., 2005; Bulleri, 2006; Lee et al., 2006; Grimm et al., 2008). 51 

Even though urban areas at present occupy approximately 1% of the global land area, they 52 

are expected to double or triple in size by 2030 (Seto et al., 2011). Most settlements are 53 

typically connected to waterbodies by stormwater drainage networks (Walsh et al., 2016b) 54 

and many are dependent on groundwater (Morris et al., 2003). Therefore, urbanisation does 55 

not only affect the terrestrial and atmospheric realms, but also the freshwater, marine and 56 

groundwater realms. When examining the impacts of urbanisation, it is useful to distinguish 57 

two main categories of pressure-impact interactions: (i) pressures that arise within a realm, 58 

where the impact is also largely constrained to that realm (Intrinsic); and (ii) pressures that 59 

arise in one realm, but which produce impacts in a different realm (Extrinsic).  60 

The recognition of the existence of extrinsic impacts in stormwater management has 61 

contributed to a rapid expansion of new integrated approaches that aim to maximize co-62 

benefits for human populations, urban environments and their receiving waters (Fletcher et 63 

al., 2015). These approaches include interventions across realms, such as the reduction in 64 

impervious areas and protection and enhancement of natural streams and rivers (Fletcher et 65 

al., 2015), and provide excellent examples of how to design successful and holistic 66 

interventions that consider the connections between realms. Nevertheless, these new 67 

approaches have not been applied at scales to achieve their full potential for ecosystem 68 

protection (but see Dai et al., 2017), or on other types of extrinsic impacts, such as light and 69 

sound pollution and the introduction of pathogens (e.g. Hu et al., 2010; Parris, 2013; Bolton 70 
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et al., 2017), among others. There are still untapped opportunities for improvement when it 71 

comes to recognising the significance and scale of this phenomenon.  72 

In an effort to highlight the relevance and extent of inter-realm impacts, this study 73 

proposes to (i) highlight extrinsic impacts derived from pressures originating in the different 74 

realms, their direction and type, (ii) consider issues arising from a failure to consider impacts 75 

across realms, and (iii) outline avenues to achieve a more holistic understanding of urban 76 

impacts across realms in urban areas. For the purpose of this discourse, we define ‘realm’ as 77 

a group of ecosystems that share common physical and ecological attributes and are therefore 78 

subject of an area of knowledge or expertise. The ‘marine’ realm includes all ecosystems 79 

present below the high tide mark, including brackish water habitats in estuaries and deltas. 80 

The ‘freshwater’ realm expands from tidal rivers to riparian forests and floodplains, non-81 

riverine wetlands and lakes. Finally, the ‘terrestrial’ realm includes land-based ecosystems 82 

that are only wetted by rain and coastal splash. In making these distinctions we acknowledge 83 

that they are conceptual rather than real boundaries, but they provide a simplification to 84 

facilitate the general discussion that follows. We also include the realms of atmosphere and 85 

groundwater, which may be impacted by extrinsic pressures and also serve as important 86 

conduits of pressures between the terrestrial, marine and freshwater realms. While our focus 87 

here is on the first three, we have considered the groundwater and atmospheric realms where 88 

possible. The extrinsic pressures in the atmosphere and groundwater are extensively 89 

documented for some pressures (such as chemical and thermal pollution), but detailed 90 

discussion and integration of these realms within this review are limited by the paucity of 91 

information on the inherent ecological impacts. Impacts deriving from pressures across 92 

realms  93 

This work is the result of discussions held during a workshop attended by a group of 94 

25 experts of each realm in December 2017 in Sydney, Australia. The group identified 11 95 
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common pressures (see definition in Panel 1) that connect realms associated with urban areas 96 

(Figure 1). These pressures are not acting independently but are highly interconnected and 97 

often the result of the same human activities. They all cause a variety of intrinsic (within-98 

realm) and extrinsic (cross-realm) impacts (see definition in Panel 1), but we have focused 99 

our discussion here on the extrinsic impacts produced by each pressure, as the impacts within 100 

(intrinsic to) a single realm are generally well recognized and have been extensively reviewed 101 

elsewhere (e.g. Bulleri, 2006; Lee et al., 2006; Grimm et al., 2008; Attard et al., 2016). It is 102 

important to highlight that the strength of extrinsic impacts can vary greatly with the nature 103 

of the environment (within realms) and the environmental context of the urban area (across 104 

realms). For example, effects of chemical and heat pollution on streams and ponds can be 105 

more acute than those experienced by large freshwater lakes which have greater buffering 106 

capacity.  107 

 108 

2.1 Realm conversion 109 
Urbanisation is typified by the modification of the land surface to suit human needs, 110 

which can include a transition of habitat from one realm to another. This process may include 111 

the conversion of wetlands, streams and marine habitats into dry land and the creation of 112 

novel aquatic habitats such as canal estates, reservoirs (impoundments) and artificial 113 

wetlands. These changes may be viewed as an extrinsic effect of the habitat being created on 114 

the habitat lost. For example, reclaiming mangrove areas increases terrestrial habitats at the 115 

expense of marine habitat, with the effect of removing nursery habitat for fish, loss of 116 

biodiversity of mangrove/saltmarsh specialists, and loss of the services that transitional 117 

habitats such as mangroves provide (Lee et al., 2014). Reclamation of shallow marine 118 

habitats for urban or industrial expansion is often associated with the introduction of artificial 119 

submerged structures that provide preferred habitats for non-indigenous marine species 120 

(Glasby et al., 2007). Conversion of aquatic substrates to terrestrial habitats may also affect 121 
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groundwater regimes including water level and submarine discharge (Jiao et al., 2001), 122 

potentially affecting aquatic communities (see discussion in section 2.3). Similarly, the 123 

development of canal estates, which occupy an area of 270 km2 globally (Waltham and 124 

Connolly, 2011), creates new aquatic habitat with associated loss of terrestrial habitats, 125 

frequently transitional mangrove and saltmarsh habitats.  126 

 127 

2.2 Hardening 128 
In the terrestrial environment, construction of roads, asphalted/paved urban spaces 129 

and buildings replaces permeable with impermeable surfaces. Equivalently, construction of 130 

seawalls, breakwaters, piers, and other types of coastal infrastructure, and channelling of 131 

streams replaces natural soft and hard substrata with alternative materials that have different 132 

chemical and physical properties. In an effort to consolidate terms between realms, we define 133 

‘hardening’ as the replacement of soil and soft sediment environments by built infrastructure 134 

and compaction. This term reconciles the idea of ‘impervious surfaces’ often used in 135 

terrestrial and freshwater literature with that of ‘coastal hardening’ used in the marine 136 

literature.  137 

Hardening produces changes in water movement associated with the changed 138 

porosity, morphology and the structural complexity of natural surfaces (Walsh et al., 2005). 139 

Low porosity and smoother surfaces of catchments and drainage lines therefore facilitate 140 

water runoff into freshwater and marine environments via roads and stormwater drainage 141 

networks (Walsh et al., 2016a) and reduce water infiltration and groundwater exchange 142 

(Foster, 1988; Sophocleous, 2002). These changes lead to greater volume and intensity of 143 

water moving from the terrestrial to the aquatic realm, and the more rapid and voluminous 144 

channelling of water from the freshwater to marine realm (Walsh et al., 2012). This run-off 145 

can also reduce groundwater recharge rates, or in other cases, result in the addition of 146 

contaminants and decreasing quality of groundwater (Foster, 1988). 147 
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As the water cycle is a major mechanism of connectivity between realms, any 148 

changes in water movements can alter the flow of matter (nutrients, chemical pollutants, etc), 149 

organisms and energy between realms, resulting in varied extrinsic impacts. Inter-realm 150 

transport of sediments and chemical contaminants is exacerbated by the hardening of flow-151 

paths through the construction of sealed drains (Walsh et al., 2016b). Extrinsic impacts on 152 

marine and freshwater realms can result from changes in salinity, chemical contamination 153 

and shading (Portnoy et al., 1998; Floerl, 2002; Walsh et al., 2005). The addition of artificial 154 

drainage of freshwater habitats such as swamps into estuarine environments has been 155 

demonstrated to increase oxygen depletion in estuaries (Johnston et al., 2003). Additionally, 156 

hardening in the marine environment, such as construction of seawalls, can have extrinsic 157 

impacts on adjacent terrestrial habitats. Seawalls reduce coastal protection (Gedan et al., 158 

2011) and affect the movement of leaf litter between coastal terrestrial and marine 159 

environments, changing foraging opportunities for terrestrial organisms (Heerhartz et al., 160 

2014).  161 

 162 

2.3 Water extraction 163 

The extraction of groundwater for domestic and industrial use in urban areas can 164 

lower groundwater tables, leading to extrinsic impacts in the terrestrial environment, such as 165 

a loss of phreatophytic (deep rooted) vegetation (Groom et al., 2008). Low groundwater 166 

tables and changes in groundwater flows (including reversal) can also lead to a change or loss 167 

of connectivity between aquifers and adjoining freshwater water bodies (Sophocleous, 2002). 168 

These situations can produce changes in the level (including total drying) and physico-169 

chemical characteristics of surface waters (Sophocleous, 2002), resulting in extrinsic 170 

ecological impacts on freshwater systems such as shifts in macrophyte and fish communities 171 

(Hayashi and Rosenberry, 2005). 172 
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In addition to water from aquifers, many cities draw water from rivers or oceans (via 173 

desalination) for human use, albeit usually from areas beyond the urban footprint (Rygaard et 174 

al., 2011). The extraction of water from urban aquifers and directly from urban rivers can 175 

cause changes in the connectivity between freshwater bodies and groundwater, resulting in 176 

extrinsic impacts on the diversity and biomass of groundwater ecosystems (Sophocleous, 177 

2002; Humphreys, 2009) and can potentially reduce flows downstream. The consequences to 178 

the marine realm may be changes in the salinity and nutrient dynamics of estuarine and near 179 

shore environments that potentially drive extrinsic impacts on marine, coastal diversity and 180 

function (Johannes, 1980; Gillanders and Kingsford, 2002). Finally, the use of extracted 181 

water in urban irrigation can lead to extrinsic impacts on terrestrial ecosystems, such as shifts 182 

to conditions in which native vegetation (particularly in arid zones) have limited ability to 183 

colonise and facilitating exotic, hydrophilic species (e.g. Martin et al., 2004). 184 

 185 

2.4 Chemical contamination 186 

Industrial processes, the application of pesticides and fertilizers, spills and waste 187 

generation in urban areas are sources of contaminants in soils, waters and sediments. The 188 

main forms of chemical pollution in urban waters are effluents and solids (Kennish, 1996). 189 

These include toxic chemicals (heavy metals, pesticides, hydrocarbons, radioactive material), 190 

nutrient enrichment, solid waste (plastics and microplastics), as well as materials washed off 191 

motor vehicles (lubricants, tyre and brake wear), roads (bitumen, paint) and buildings 192 

(corrosives, coating fragments). The extrinsic impacts of land-derived contamination on 193 

aquatic environments have been largely studied. Due to the diversity of contaminants, these 194 

extrinsic impacts are numerous and diverse, including habitat loss and degradation due to 195 

changes in physico-chemical conditions, resulting in changes in biodiversity and functioning 196 

of aquatic habitats (Walsh et al., 2005; Johnston and Mayer-Pinto, 2015).  197 
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Contamination is one of the few pressures where the extrinsic effects on the 198 

atmospheric and groundwater realms are well documented and the management response 199 

involves multiple realms. The reduction in air quality and subsequent effect on atmospheric 200 

processes due to contaminants derived from activities on land has been well studied (e.g. 201 

Rosenfeld, 2000; Da Silva et al., 2018), and there are many examples of contaminants from 202 

the terrestrial realm affecting the structure and function of groundwater ecosystems (e.g. 203 

Foster, 1988; Stephenson et al., 2013). These contaminants are often transferred or deposited 204 

in marine and freshwater realms (e.g. Portnoy et al., 1998; Roy and Bickerton, 2012; Tipping 205 

et al., 2014). Finally, contamination of surface waters can also transport contaminants from 206 

surface waters to aquifers or lead to permanent clogging from organic compounds affecting 207 

the exchange between groundwater and surface waters. These changes can result in extrinsic 208 

impacts on groundwater communities (Sophocleous, 2002). 209 

 210 

2.5 Changes in sediment regimes 211 

The impacts of sediments arising from terrestrial urban areas on the freshwater and 212 

marine realms depend to a large extent on their calibre.  Fine sediments (<0.5 mm diameter) 213 

are readily suspended in flowing water and can be associated with a wide range of attached 214 

pollutants (Taylor and Owens, 2009; Houshmand et al., 2014). While they are suspended, 215 

sediments can reduce available light and cause physical abrasion, and when they settle in 216 

slower-flowing water (freshwater or marine) they can smother habitat and vegetation, 217 

reducing aquatic species diversity and altering ecological functioning (Wood and Armitage, 218 

1997a). Coarse sediments (>0.5 mm), in contrast, tend to be less associated with attached 219 

pollutants (Houshmand et al., 2014), and remain associated with stream beds, usually 220 

providing benthic habitat and playing an important role in maintenance of channel 221 

morphology (Hawley and Vietz, 2016).  However, sands from disturbed watersheds have the 222 
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potential to smother riverine habitats (Davis and Finlayson, 2000) and be transported to 223 

marine systems. 224 

These extrinsic impacts on freshwater and marine ecosystems are magnified by the 225 

major changes to sediment budgets in urban watersheds. Typically, large volumes of 226 

sediment mobilised during construction are transported to downstream waters through 227 

efficient hydraulic connection of stormwater drains, resulting in elevated yields during the 228 

construction phase (Wolman, 1967). Sediment transport can remain high as stream channels 229 

scour in response to increased stormwater flows, and the initial model of Wolman (1967) 230 

hypothesised greatly reduced sediment yields following the channel reaching geomorphic 231 

equilibrium. However, a recent review found that sediment yields often remain high from 232 

established urban areas, in part because the post-construction importation of gravels, soils 233 

and other particulates provide an effectively unlimited source of of sediments (Russell et al., 234 

2017).  Despite increased yields, the beds of urban channels typically hold reduced loads of 235 

coarse sediments because increased flow and channel size increase transport capacity (Vietz 236 

et al., 2014).   237 

 238 

2.6 Heat pollution 239 

The increase in hard substratum, reduced tree canopy and industrial activities result in 240 

the concentration and retention of atmospheric and surface heat in urban areas known as the 241 

‘urban heat island’ (Kalnay and Cai, 2003). The intrinsic impacts of urban land surfaces on 242 

the urban heat island is relatively well understood, although there is surprisingly little 243 

research on how the urban heat island affects the ecology of organisms within the terrestrial 244 

realm (Chown and Duffy, 2015). This terrestrial heat pollution can have extrinsic impacts in 245 

the atmosphere, where air temperature has been related to the composition and abundance of 246 

airborne fungal spores (Hasnain, 1993), and in shallow aquifers, where temperatures are also 247 
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often raised (Zhu et al., 2010), declines in microbial and invertebrate abundance are likely 248 

(Griebler et al., 2016). Although the transfer of heat from terrestrial to aquatic realms via 249 

stormwater runoff and the discharge of heated water from cooling systems is well understood 250 

(e.g. Bienfang and Johnson, 1980; Herb et al., 2008), the extrinsic impacts of thermal 251 

pollution have not been well examined as they are often confounded by chemical pollution 252 

(Somers et al., 2016). Thermal effluents from cooling systems have been shown to produce 253 

extrinsic impacts in the marine realm, affecting phytoplankton mortality and primary 254 

productivity (Briand, 1975; Bienfang and Johnson, 1980), benthic community composition 255 

(Vilanova et al., 2004; Steinbeck et al., 2005) and the facilitation of invasive species (Wolf et 256 

al., 2014). However, the effects can be greatly reduced where there are high mixing 257 

capacities at the outflow site (Zieman and Ferguson Wood, 1975).  258 

 259 

2.7 Light pollution 260 

Ecological light pollution is the change in timing, intensity and wavelength of light 261 

through artificial means (Longcore and Rich, 2004). This can be generated directly by lighted 262 

structures, street lights, security and vehicles light, fishing boats, oil platforms, or indirectly 263 

through sky glow, which is the light scattered back towards the earth's surface by gas and 264 

dust in the atmosphere (Longcore and Rich, 2004). Ecological light pollution in the form of 265 

artificial light at night is a global problem, with thousands of coastal cities lighting intertidal 266 

areas and the potential for skyglow impacts to extend hundreds of kilometres beyond their 267 

source (Depledge et al., 2010).  268 

Artificial light sources can cause shifts in reciprocal aquatic-terrestrial fluxes, 269 

producing extrinsic impacts in aquatic environments. For example, the community structure 270 

of riparian arthropods and aquatic emergent insects can be affected by urban artificial night 271 

lighting (Meyer and Sullivan, 2013). The attraction of emergent midges from nutrient-272 
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enriched aquatic environments to artificial light can cause nuisance swarms in adjacent 273 

terrestrial environments (Ali, 1995), and polarised light can create ecological traps in the life 274 

cycle of aquatic organisms (Horváth et al., 2009). In marine environments, extrinsic impacts 275 

of artificial light on land include shifts in community composition (e.g. Davies et al., 2015; 276 

Bolton et al., 2017), reduced success of nesting and disrupted beach orientation in turtles 277 

(Witherington, 1992; Rivas et al., 2015), and altered feeding habits of mammals (Yurk and 278 

Trites, 2000; Bird et al., 2004) and fish (Batty et al., 1990; Bolton et al., 2017).  279 

 280 

2.8 Changes in daytime light exposure 281 

While land-clearing can increase daylight exposure in urban areas, conversely the 282 

addition of built infrastructure can create artificial shading. These structures can produce 283 

‘perpetual’ shading, allowing for no or little direct sun exposure (Burdick and Short, 1999). 284 

Decreased daylight exposure can produce community-level changes in structure, processes 285 

and function (Irving and Connell, 2002; Dafforn et al., 2012). In marine environments, an 286 

increase in shading is mostly produced by marine infrastructure such as piers and jetties (e.g. 287 

Sanger et al., 2004; Vasilas et al., 2011), therefore the impacts are mainly intrinsic. In 288 

contrast, terrestrial urban areas frequently feature reduced vegetation cover, resulting in an 289 

increase in daylight exposure of streams. The shading effect of remaining vegetation can be 290 

diminished by the widening of channels caused by excessive urban stormwater runoff 291 

(Groffman et al., 2003; Hawley and Vietz, 2015). Extrinsic impacts of daylight exposure on 292 

freshwater habitats include increased benthic algal growth, which is often magnified in urban 293 

streams by increased concentrations of nutrients, particularly phosphorus and nitrogen 294 

(Catford et al., 2007). Benthic algal proliferation can smother benthic habitats, clog water 295 

intake structures and degrade water quality by reducing dissolved oxygen and pH, resulting 296 

in fish kills (Biggs, 2000).  297 
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 298 

2.9 Noise pollution 299 

Even though noise is a common feature of natural environments, anthropogenic noise 300 

is often louder and more frequent (Kight and Swaddle, 2011). Anthropogenic sounds, 301 

therefore, often mask natural sounds that animals use for communication, detection of danger 302 

or spatial orientation, resulting in community-wide changes in diversity and ecosystem 303 

services (Barber et al., 2010; Francis et al., 2012). Noise pollution in marine environments is 304 

generated by shipping, recreational boating, acoustic harassment devices, industrial activities 305 

such as drilling and sonar (all intrinsic). Pressures producing extrinsic impacts in terrestrial 306 

environments are considered negligible (Hildebrand, 2009). Contrary to this, extrinsic 307 

impacts of land-based noise have been observed in the freshwater realm. Many species of 308 

frogs, for example, will change their vocalisations (pitch or frequency) in response to high 309 

levels of road noise (Lengagne, 2008; Parris, 2013), or change the timing of the call to 310 

minimise temporal overlap with noise occurring at similar frequencies (e.g. Lengagne, 2008; 311 

Kaiser and Hammers, 2009). However, some species, such as the Pacific chorus frogs, are 312 

unable to compensate for this noise impact (Nelson et al., 2017). Hence, noise pollution can 313 

impact breeding success due to increased metabolic costs and reduced ability to communicate 314 

(Parris, 2013; Nelson et al., 2017). 315 

 316 

2.10 Introduction of invasive species  317 

The high rates of traffic between urban centres and the availability of ‘novel’ habitats 318 

provided by built infrastructure means that urban areas are often entry points or provide 319 

beachheads for invasive species (Hood and Naiman, 2000; Glasby et al., 2007). In addition, 320 

the diversity and frequency of disturbances associated with urban areas provide opportunities 321 

for establishment and spread of invasive species (Davis et al., 2000; Airoldi and Bulleri, 322 

2011). Invasive species drive changes in composition, processes and functioning of local 323 
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assemblages (Mack et al., 2000), and the spread of successful invaders and resulting changes 324 

in trait distributions can lead to ‘biotic homogenisation’ (Rahel, 2002; Iannone et al., 2015). 325 

Anthropogenic activities in aquatic environments, such as shipping, can have extrinsic 326 

impacts on terrestrial environments, as they can be sources of propagules of invasive 327 

terrestrial species transported in ballast water or cargo. For example, the bitou bush, 328 

Chrysanthemoides monilifera, was first believed to have arrived at the east coast of Australia 329 

in ballast water (Downey et al., 2007).  330 

There is also potential for freshwater species to produce changes in water quality that 331 

extend downstream into marine environments, potentially affecting biodiversity and 332 

productivity. For example, invasive zebra and golden mussels, bivalves with great capacity 333 

for filter-feeding, efficiently transfer energy from water column to benthos, causing major 334 

changes in local and downstream ecosystems where abundant (Karatayev et al., 2007). 335 

Extrinsic impacts of terrestrial species feeding on aquatic flora and fauna can also be found. 336 

For example, the introduced Norway rat (Rattus norvegicus) was observed to feed on a river 337 

snail Viviparus ater in the margins of the Ticino River at Pavia, Italy (Parisi and Gandolfi, 338 

1974).  339 

 340 

2.11 Introduction and increased prevalence of wildlife pathogens and their 341 
vectors 342 

Urban areas act as entry points for non-indigenous pathogens that travel around the 343 

world due to anthropogenic activities, as explained above. Furthermore, human activities in 344 

one realm can spread disease-causing organisms into other realms. For example, pathogens 345 

enter coastal aquatic areas via sewage disposal, urban waterways and run-off, posing 346 

environmental and health risks and potentially having extrinsic impacts by infecting native 347 

fauna (e.g. Foster, 1988; Islam and Tanaka, 2004). In addition, zoonotic diseases may be 348 

transferred between realms, with mosquitoes as a major vector for transferring diseases 349 
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between wildlife and humans living within urban areas (Hu et al., 2010; Crocker et al., 2017). 350 

Urban areas can also change the prevalence of pathogens by changing wildlife-parasite 351 

interactions, with serious consequences for organisms already stressed by urban 352 

environments (LaDeau et al., 2015). Pathogens may be more prevalent in urban areas where 353 

species densities are higher. This results in greater rates of encounter between hosts and 354 

parasites and/or host stress (increased susceptibility to infection, Bradley and Altizer, 2007).  355 

2. Moving towards a holistic understanding of urban ecology 356 

across realms   357 

Urban areas and the surrounding land and water have experienced the most extreme 358 

losses of native biodiversity and functioning in the world (Ruiz et al., 1997; Marzluff, 2001; 359 

Grimm et al., 2008). A complete understanding of the drivers of those changes is necessary to 360 

preserve the remaining natural environments and restore or rehabilitate lost and degraded 361 

habitats. While traditional research and management strategies are realm-specific, effective 362 

mitigation of impact requires that extrinsic pressures are considered alongside intrinsic 363 

pressures. In much the same way that the ecosystem services literature is now promoting 364 

actions that deliver multiple benefits (Connop et al., 2016), a holistic approach to ecosystem 365 

research and management may also prove more cost-effective overall.  366 

In the previous section we explored the pressures in urban areas and their extrinsic 367 

impacts across realms. It becomes evident that impacts flow from realm to realm in all 368 

directions. Nevertheless, terrestrial environments are ‘net-donors’ of impacts to freshwater 369 

and marine realms, which tend to be ‘net-receivers’. The degradation and loss of freshwater 370 

and marine habitats are largely a consequence of extrinsic pressures from terrestrial 371 

environments. This is expected, as the majority of human activities occur on land and there 372 

are clear connections to aquatic realms. In some cases, however, activities in aquatic realms 373 
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can derive in impacts on land. There is often a spatial, and sometimes temporal, mismatch 374 

between the realm where the activities and their associated pressures arise, and where the 375 

resulting impacts occur. The high connectivity of aquatic systems means that localised 376 

pressures in terrestrial environments have the capacity to impact aquatic realms at larger 377 

spatial scales. For these reasons, the sources of impacts need to be considered holistically to a 378 

far greater extent than is currently undertaken when designing management strategies. The 379 

most effective strategies for the management of natural aquatic resources are likely to 380 

incorporate not only actions in the ‘receiving’ realm, but also address the pressures from the 381 

‘donor’ realm. Such approaches have been included in existing initiatives to control 382 

contaminant inputs in aquatic environments, such as new integrated approaches to urban 383 

stormwater management (as described in Section 1) and changes in urban design aiming at 384 

reducing volume and quality of runoff (Taylor and Owens, 2009), with highly successful 385 

outcomes. However, they have not yet been widely considered for management of other 386 

drivers mentioned here.  387 

The pressures we have discussed include those that result from human activities 388 

taking place in the local area. On top of these, however, urban environments are threatened 389 

with regional and global pressures such as climate change and land use. These can interact 390 

with local pressures and possibly have synergistic, or antagonistic, effects on the ecological 391 

communities in the area. For example, changes in temperature, salinity and acidity can 392 

facilitate the establishment of non-indigenous species that, under current conditions, are 393 

limited by environmental factors (Floerl et al., 2013). In addition, the type of land use in peri-394 

urban and rural areas surrounding urban environments can greatly influence the composition 395 

of assemblages in urban areas. For example, agricultural surroundings increase the diversity 396 

of bird species in urban woodlands in Japan (Morimoto et al., 2006), and the proximity to 397 

natural areas in regional towns contributes to higher diversities of frogs and birds in suburban 398 
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landscapes (Smallbone et al., 2011; Luck et al., 2012). A truly holistic approach to the 399 

management of urban areas should not only identify intrinsic and extrinsic impacts, but also 400 

local, regional and global drivers of change to maximise outcomes.  401 

3. Bridging across disciplinary traditions and jurisdictional 402 

boundaries  403 

In this paper we have highlighted the great potential for every realm to experience or 404 

deliver extrinsic impacts in other realms, but their prevalence and the magnitude of their 405 

ecological impacts remain uncertain in many cases. This might be due to two key reasons. 406 

Firstly, urban ecology research began as a subdiscipline within each of the broader 407 

disciplines of terrestrial, freshwater and marine ecology, which have a history of segregation 408 

in research (Cole, 2005; Paine, 2005; Bulleri, 2006). As a consequence, the study of the 409 

boundaries and environmental flows between realms has been limited by disciplinary 410 

traditions, influencing the types of studies that are undertaken and the methods that are used 411 

to perform those studies (Stenseth et al., 2005; Wall et al., 2005; Webb, 2012). Secondly, the 412 

disciplinary distinctions are also reflected in the jurisdictional boundaries related to how we 413 

conceptualise and manage each realm (Rijke et al., 2013; Pittman and Armitage, 2016). We 414 

echo the call of some scientists (e.g. Stergiou and Browman, 2005; Webb, 2012) to generate 415 

strategies to overcome these disciplinary and organisational limitations and recognise 416 

opportunities for change, such as: 417 

1. Increased exchange of ideas, methods, questions, discussions and other approaches to 418 

research between terrestrial, marine and freshwater ecologists (Stenseth et al., 2005) 419 

2. The need for unified terminology (Cole, 2005; Webb, 2012) 420 

3. Funding and research institutions to foster and facilitate connections between realms 421 

(Wall et al., 2005)  422 
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4. Train future generations of ecologists across realms (Stergiou and Browman, 2005), 423 

as well as future generations of urban designers, built environment professionals, 424 

engineers and other decision-makers 425 

5. Publication of data or findings done at jurisdictional levels (Paine, 2005) 426 

The successful, all-round management of urban areas will only be achieved when it is 427 

regarded as one interconnected environment, instead of a compartmentalised system. This 428 

requires new models of collaboration and innovation, as these transformations will only be 429 

achieved with the support from multiple levels in science, industry and government, from 430 

individual scientists to founding bodies and publishers. 431 

4. Conclusions 432 

This manuscript brings to light the multitude of inter-realm connections and 433 

highlights the need for integration of realms in science and management. For example, some 434 

aspects of changes in hydrology, such as water flow rates during storms, require amelioration 435 

measures in both terrestrial as well as stream engineering projects. The solution is likely to be 436 

multi-faceted (e.g. planting vegetation, baffles to slow water loss) and needs a holistic 437 

approach to success. While the importance of using an inter-realm approach to understand 438 

and manage environmental systems is not a new concept, it does remain far from standard 439 

practice in the scientific literature and management approaches. Therefore, while what we 440 

propose is not new, we do provide an updated reminder of the importance of this approach 441 

and a useful advance in how we might conceptualize urban impacts across multiple realms. 442 

Effective management of ecological impacts can only be attained in recognition of the full set 443 

of pressures driving those impacts. This can be achieved via increased interaction between 444 

scientists, regulators and end-users across realms and by designing integrated monitoring 445 
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strategies in urban environments located at the interface between realms, which explore 446 

pressures occurring in all realms.  447 
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Figures 767 

Figure 1. Direction and type of extrinsic ecological impacts in the various realms (T: 768 

terrestrial; F: freshwater; M: marine; GW: groundwater; A: atmosphere) resulting from each 769 

of the pressures generated by urbanisation. Biod: loss of biodiversity; CProtect: loss of 770 

coastal protection; FWeb: changes in food webs and other food resources; Pop: changes in 771 

population attributes; Prod: changes in productivity, NCycle: changes in nutrient cycling. 772 

Dashed lines represent potential effects, where there is limited evidence to date. 773 

 774 

Panel 1. Definitions 775 

The terms ‘pressure’ and ‘impact’ are commonly used throughout the ecological 776 

literature, but not always consistently, even within a single realm (Oesterwind et al.,2016). 777 

For this paper, we will be drawing upon the Driver-Pressure-State-Impact-Response (DPSIR) 778 

framework outlined by (Gabrielsen and Bosch, 2003; Oesterwind et al., 2016). Urbanisation 779 

is a driver or process that results in a series of pressures (e.g., waste water discharges, 780 

artificial surfaces, human behaviours) which act on and contribute to changes in the 781 

environments within and surrounding the modified area. Impacts are the ecological 782 

consequences of the change in environment resulting from a pressure.  These impacts can be 783 

described ecologically at the level of individuals (e.g., changes in feeding behaviour, changes 784 

in longevity), populations (e.g., changes in genotypic or phenotypic frequencies, or breeding 785 

success rates) and communities (e.g. decreases in biomass, increases in primary productivity, 786 

shifts in functional trait distributions). If the magnitude of an impact is sufficient, it can elicit 787 

a response, such as a change in policy, or investment in actions that either aim to counter the 788 

impact (e.g., ex situ conservation actions) or work towards addressing the pressure 789 

responsible for the impact (e.g., investing in upgrading lighting fixtures and light sources to 790 
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reduce the impact of artificial light at night).  We focus here on the pressures and impacts, 791 

and briefly touch upon the opportunity for more coordinated responses at the end of our 792 

paper.  793 

 794 

Figure 1 795 


