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1. Socioeconomic demand for natural capital is causing catastrophic losses of biodiversity and 28 

ecosystem functionality, most notably in regions where socioeconomic systems and ecosystems 29 

compete for natural capital e.g., energy (animal or plant matter). However, a poor quantitative 30 

understanding of what natural capital is needed to support biodiversity in ecosystems while at the 31 

same time satisfying human needs – those associated with human development within 32 

socioeconomic systems – undermines our ability to sustainably manage global stocks of natural 33 

capital.  34 

 35 

2. Here we describe a novel concept and accompanying methodology to quantify the natural capital 36 

needed to support terrestrial species within ecosystems, analogous to how natural capital use by 37 

humans is quantified in a socioeconomic context. The methodology applies allometric equations 38 

relating the adult body mass of terrestrial species to their requirements for land area, water, and 39 

energy, to describe the natural capital required to support different levels of biodiversity within an 40 

ecosystem.   41 

 42 

3. We apply this methodology to quantify the amount of natural capital needed to support species 43 

observed using a specific surveyed site in Scotland, and consider that it can support greater 44 

biodiversity in its current state. We find that the site can adequately satisfy the natural capital 45 

demand of those species observed using the site and is in fact capable of a supporting a larger 46 

assemblage of species; a primary aim of the rewilding project taking place at the site.   47 

 48 

4. This method conceptualises, for the first time, a comprehensive ‘dual-system’ approach: modelling 49 

natural capital use in socioeconomic- and eco-systems simultaneously. It can facilitate the 50 

management of natural capital at the global scale, and in both the conservation and creation (e.g., 51 

rewilding) of biodiversity within managed ecosystems. It also represents an advancement in 52 

determining what socioeconomic compromises are needed to achieve contemporary conservation 53 

targets alongside ongoing human development. 54 

 55 
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 57 

1. Introduction 58 

 59 

The field of industrial ecology was developed to understand, analyse, and assess the environmental 60 

impacts of socioeconomic (human) actions (Graedel, 1996). It draws parallels between socioeconomic 61 

systems and eco-systems (Frosch, 1992) and argues that, given their inherent interdependence, the two 62 

must be studied simultaneously (Clift & Druckman, 2016; Graedel, 1996). This is particularly important 63 

when considering the provision and use of natural capital (stocks of natural resources such as fossil 64 

fuels, timber, and minerals (Mancini et al., 2017; Costanza & Daly, 1992; Goodland & Bank, 1995)), 65 

which act as a key interface between socioeconomic- and eco-systems. Within industrial ecology, 66 

natural capital use is empirically modelled to systematically and quantitatively analyse the 67 

environmental impacts associated with human development (Weisz, Suh & Graedel, 2015), and what 68 

effects human development will have on the quality and availability of natural capital in the future 69 

(Prescott-Allen, 2001; Tilman, 1999). However, models of natural capital use are limited to 70 

socioeconomic analyses; they lack a holistic perspective and do not yet capture the natural capital 71 

demands of non-human species.  72 

 73 

At the most fundamental level, human development requires the use of natural capital to satisfy certain 74 

‘human well-being needs’. These are a set of essential (e.g., shelter, food, and water) and non-essential 75 

(e.g., access to technology) social, economic, and physiological requirements for good physical and 76 

mental health (Doyal & Gough, 1991; UN General Assembly, 1948). A robust understanding of natural 77 

capital use in socioeconomic systems allows it to be empirically modelled (Daniels & Moore, 2001). 78 

The associated environmental impacts can thereby be assessed (Bulle et al., 2019). Within the last two 79 

decades, a quantitative set of human well-being needs has also been developed (Smith et al., 2013; Reid 80 

et al., 2005). This advancement has improved our ability to model and assess socioeconomic natural 81 

capital use associated with human development. It is now possible to infer the minimum level of natural 82 

capital use needed to support socioeconomic systems (Rao, Min & Mastrucci, 2019b), and assess the 83 
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environmental impacts associated with achieving contemporary targets for human development – an 84 

important example being the Sustainable Development Goals (SDGs) (United Nations Development 85 

Programme (UNDP), 2016). 86 

 87 

All living organisms (plants, animals, fungi, etc.) demonstrate physiological needs. Like humans, they 88 

require water, energy, and nutrients, and in some cases – namely plant and animal species – they also 89 

demonstrate social needs (Poirier & Smith, 1974; Tedersoo, Bahram & Zobel, 2020). These 90 

requirements constitute the ‘well-being needs’ of individual plant and animals that make up ecosystems, 91 

analogous to human well-being needs. However, a method to determine the well-being needs of 92 

ecosystems has not yet been defined. This means that we do not know what natural capital is needed to 93 

support individual plants and animals, and by extension biodiverse populations of species in 94 

ecosystems; nor do we know what natural capital must be allocated to ecosystems to protect essential 95 

ecosystem functions, i.e., the provision of natural capital, on which contemporary socioeconomic 96 

systems depend.   97 

 98 

This knowledge gap is significant in the context of natural capital management: where socioeconomic- 99 

and eco-systems make use of the same, finite stocks of natural capital to satisfy their well-being needs 100 

– namely land area, water, and energy (from food, etc.) (Ringler, Bhaduri & Lawford, 2013; Rugani et 101 

al., 2018; Andrews-Speed et al., 2019) – the two systems must compete. Intuitively, the rate of natural 102 

capital production cannot be exceeded. Hence, where the combined rate of natural capital use across 103 

socioeconomic- and eco-systems exceeds the rate of natural capital production, a trade-off is necessary. 104 

This manifests as a compromise between satisfying human and ecosystem well-being needs. Biased 105 

intentions to satisfy human well-being needs in the present may therefore, inadvertently, limit our ability 106 

to satisfy those same human well-being needs in the future, if ecosystems well-being needs are 107 

sufficiently deprived (see Appendix 1) (Seddon et al., 2016). 108 

 109 

1.1. Conceptual framework for quantifying ecosystem needs 110 

 111 
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Three variables are needed to assess the sustainability of natural capital use in socioeconomic systems: 112 

natural capital supply (stocks, rate of production), socioeconomic demand, and ecosystem demand. As 113 

ecosystem demand is not known, the tools we currently use to model natural capital use (e.g., material 114 

flow analyses (Brunner & Rechberger, 2005)) and assess the sustainability of its use (e.g., the ecological 115 

footprint (Wackernagel & Beyers, 2019)) are not yet comprehensive. By extension, current targets 116 

regarding sustainable human development may be flawed. For example, we can quantify what natural 117 

capital is needed to satisfy the socioeconomic SDGs (Rao, Min & Mastrucci, 2019b). However, we do 118 

not know what natural capital is needed to satisfy the ecological SDGs – those that relate to ecological 119 

conservation (namely goals 13, 14, and 15). This means that we are currently unable to determine 120 

whether the social, economic, and the ecological SDGs can be achieved concurrently, and whether 121 

enough natural capital remains once the socioeconomic SDGs are met to satisfy the ecological SDGs. 122 

Furthermore, we do not know whether the ecological SDGs, even if they were to be achieved in their 123 

entirety, adequately satisfy ecosystem well-being needs underlying critical ecosystem functionality.   124 

 125 

A comprehensive, systems approach to natural capital management is needed to determine what 126 

environmental conservation can be achieved alongside contemporary human development goals. Fig. 1 127 

illustrates how natural capital production, and human and ecosystem well-being change in response to 128 

different distributions of (constant) natural capital stocks – here distributed between a socioeconomic 129 

system and an ecosystem – corresponding to four different scenarios of socioeconomic development 130 

(S1, Low human development, high ecosystem conservation; S2, moderate human development, 131 

moderate ecosystem conservation, S3, high human development, low ecosystem conservation; S4, 132 

collapse of the socioeconomic- and eco-system). Fig. 1a shows increasing socioeconomic development 133 

(corresponding to increasing natural capital use) from S1 to S4, alongside decreasing biodiversity (as 134 

less natural capital is available for ecosystem use). In turn, decreasing biodiversity drives a reduction 135 

in natural capital production and hence its availability. As natural capital availability decreases, 136 

individuals in both the socioeconomic- and eco-system are less able to satisfy their well-being needs 137 

(and vice versa). This deprivation results in the barren landscape illustrated in S4. 138 

 139 
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 140 
Figure 1 (a) Schematic showing the changing ability to satisfy socioeconomic (human) and 141 

ecosystem well-being needs concurrently, in response to four different scenarios of socioeconomic 142 

development, corresponding to different distributions of natural capital stocks. SES is the ecosystem 143 

share; and SSE is the socioeconomic share. Scenario 1 (S1), high biodiversity and low human 144 

development, SES > SSE; Scenario 2 (S2), moderate biodiversity and moderate human development, 145 

SES < SSE; Scenario 3 (S3), low biodiversity and high human development, SES << SSE; and Scenario 4 146 

(S4), dual-system collapse. (b) We present qualitatively the results of quantifying ‘Ecosystem use’ 147 

using our methodology and combining this with data describing ‘Socioeconomic use’ across the four 148 

scenarios. In (b), the dotted line labelled ‘Decent living standards’ indicates the point at which the 149 

socioeconomic population achieves decent living standards. The dashed line labelled ‘Desired 150 

biodiversity’ indicates the natural capital demand associated with a desired minimum ecosystem 151 

population. For illustrative purposes, ‘Desired biodiversity’ is here the minimum level of biodiversity 152 

needed to produce enough natural capital to sustain the socioeconomic population. 153 

 154 
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 Fig. 1b demonstrates qualitatively the application of our conceptual framework, showing the amount 155 

of natural capital allocated between the socioeconomic- and eco-systems. Here, the natural capital 156 

allocated to the socioeconomic- and eco-systems contribute to human development (e.g., to achieve a 157 

decent standard of living (Rao, Min & Mastrucci, 2019a)) and ecosystem conservation respectively. This 158 

example also uses a constant socioeconomic population across S1-S3. In Fig. 1b, the four scenarios (S1-159 

S4) describe the following:  160 

• S1: Low human development alongside high levels of biodiversity. A large amount of 161 

biodiversity is supported owing to abundant natural capital production, but insufficient human 162 

well-being needs are met. Decent living standards are therefore not achieved across the 163 

socioeconomic population.  164 

• S2: Human development increases, degrading the ecosystem. The provision of natural capital 165 

decreases. Much less biodiversity is supported, but this remains above the desired level. 166 

Sufficient human well-being needs are now met; decent living standards are achieved across 167 

the socioeconomic population. This scenario of natural capital management represents a 168 

sustainable outcome, where human development and conservation targets are met 169 

simultaneously.  170 

• S3: Human development and ecosystem degradation increases further. The provision of natural 171 

capital is further decreased. Sufficient human well-being needs continue to be met; decent 172 

living standards are achieved across the socioeconomic population. However, the desired level 173 

of biodiversity can no longer be supported; there is insufficient natural capital to satisfy 174 

socioeconomic- and eco-system well-being needs concurrently.  175 

• S4: A worst-case scenario: ecosystem needs continued to be deprived. The provision of natural 176 

capital is now insufficient to support either system. This scenario is unsustainable; 177 

socioeconomic- and eco-system needs cannot be met, and the systems collapse.   178 

 179 

S3 is a critical stage; it is a ‘tipping point’, where satisfying human well-being needs diminishes our 180 

intergenerational needs (as illustrated in Fig. A1, Appendix 1). Importantly, our ability to identify this 181 
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tipping point in natural capital management is impaired by our current inability to quantify what natural 182 

capital is needed to support certain levels of biodiversity in ecosystems. As such, we cannot accurately 183 

distinguish between sustainable and unsustainable scenarios of natural capital management until both 184 

socioeconomic- and eco-system demands are quantitatively described.        185 

 186 

As the only species capable of safeguarding the biophysical environment, it is the responsibility of 187 

humans to consider the intergenerational needs of all species, not just our own. Comprehensive models 188 

of natural capital use, describing both socioeconomic- and eco-systems demand, are needed to assess 189 

and manage the trade-offs triggered by human development and limited natural capital availability 190 

(Graedel, 1996). Especially where the impacts of socioeconomic use threaten to reduce the production 191 

and hence the availability of natural capital. However, there is at present a fundamental knowledge gap 192 

that impairs our ability develop such models. Specifically, data on what natural capital is needed to 193 

preserve and/or improve the life-supporting functionality of ecosystems while achieving ongoing 194 

human development in socioeconomic systems.  195 

 196 

1.2. Morphology-physiology relationships in the literature 197 

 198 

Ecologists have long studied the relationship between morphology (e.g., body mass, body length, 199 

height) and physiology (e.g., metabolic rate, population density, water consumption) in animals and 200 

plants. These data are described extensively in the ecological literature and plethora correlations 201 

between morphology and physiology have been demonstrated. Equations describing these correlations 202 

are termed ‘allometric equations’ (Cyr & Pace, 1993). In his seminal work (McNab, 1963), McNab 203 

demonstrated the relationship between body mass and home range in mammals, suggesting that diet 204 

and metabolic rate are also important factors in an individual’s land area use. This was later confirmed 205 

by Damuth (DAMUTH, 1987), and expanded upon: variations in physiology are related to trophic level 206 

and body mass ranges (Silva & Downing, 1995; Meresman & Ribak, 2017; Jetz et al., 2004; Nagy & 207 

Peterson, 1988; McNab, 2009) too. McNab’s limited scope has been expanded beyond mammals, to 208 
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include birds, reptiles, and insects (to a lesser extent), with allometric equations for plants (e.g., water 209 

uptake, energetics) also described (Biondini, 2008; Enquist, Brown & West, 1998).  210 

Alternative means of predicting the land area use, metabolic requirements, and water 211 

consumption of species exist. These include species-area curves (Schweiger, Betzholtz & Franze, 2012; 212 

Scheiner, 2003), which are used to predict biodiversity (number of species) losses due to land area use 213 

changes, and modelling software that predicts species’ response to environmental pressures (Holbrook 214 

et al., 2017); and metabolic rate predictions using heartrate measurements (McPhee et al., 2003), and 215 

oxygen consumption (Clark, Butler & Frappell, 2006). Alternative means of predicting water 216 

consumption appear limited to agricultural contexts. Furthermore, these take the form of single-species 217 

mathematical approaches (Appuhamy et al., 2016; Sexson et al., 2012), ultimately equivalent to 218 

allometric expressions. While alternatives exist, allometric equations remain a prominent means of 219 

predicting species physiology given their simple development/application, and the abundance of 220 

prerequisite data.   221 

 222 

Information on natural capital use or production can be inferred where allometric equations are applied 223 

in the ecological literature. However, their application appears limited to ecological and agricultural 224 

literature. Examples include predicting biomass production (e.g., roots, timber, vegetation) across 225 

different land-cover types (Vahedi, 2016); predicting the physiologies of undocumented species 226 

(Packard, Boardman & Birchard, 2009); and for design (Petherick & Phillips, 2009) and husbandry in 227 

an agricultural context. With adjustment, and used concurrently, allometric equations can be 228 

incorporated into empirical models dealing with natural capital management and urban development. 229 

Despite its inherent benefits, this transference has not been realised. To overcome this, we build upon 230 

existing work on allometric equations and develop a generalisable method to quantify the use of natural 231 

capital in ecosystems, analogous to established methods to quantify human well-being needs (Rao, Min 232 

& Mastrucci, 2019b), quantifying the natural capital cost associated with environmental conservation 233 

concurrent to that necessitated by human development.       234 

 235 

2. Method 236 
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 237 

2.1. Land area 238 

 239 

We develop a new set of allometric equations that relate the adult body mass (Mi, kg) of individual 240 

mammals, birds, reptiles, and insects, to their land area use (Li, km2 individual-1) at the species level. 241 

The development of these equations improves upon existing work in the literature; we aggregate data 242 

corresponding to existing allometric equations for land area use – e.g., those published by (Damuth 243 

1987), (Silva & Downing 1995), (Stephen et al., 2019), (Robinson & Redford, 1986), and supplement 244 

these data with average adult body mass and trophic level data. We also incorporate the substantial 245 

datasets TetraDensity and PanTHERIA (Santini, Isaac & Francesco, 2018; Jones et al., 2009), which 246 

describe the population density (ρi, individuals km-2) of mammal and bird species. These datasets were 247 

not captured in the preceding allometric equations for land area use since they were compiled after their 248 

publication of those preceding equations. The full, supplemented data used are presented in Tables S1-249 

S8, in Supplementary Data.  250 

 251 

The reciprocal of population density (i.e., ρi
-1, km2 individual-1) is equivalent to land area use (Jetz et 252 

al., 2004), where population density describes the land area use of an individual as part of a wider 253 

single-species population (Stephens et al., 2019). It is important to capture land area use in this way 254 

because land area is not a single use resource in ecosystems, nor is it used by individuals in solitude 255 

(Holling, 2001). The concept of population density is therefore preferable to other measures of land 256 

area use, such as home range, which employ an individual-species approach to quantifying land area 257 

use (Jetz et al., 2004).  258 

 259 

The allometric equations for land area proposed in this paper were developed through linear regression 260 

analysis. The ‘fitlm’ linear regression model (MathWorks, 2022) in the MATLAB computing 261 

environment was used to produce linear equations describing the relationship, ‘log10(adult body mass, 262 

kg) versus log10(population density, individuals km-2)’, for terrestrial mammals, birds, reptiles, and 263 

insects. A substantial dataset consisting of over 17,000 data points was used to perform these analyses, 264 
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which we present alongside corresponding adult body mass data and trophic level data in Tables S1-265 

S8, Supplementary Data.  266 

 267 

Previous studies demonstrate that mammal and bird species exhibit different adult body mass-land area 268 

use relationships across the different trophic levels (Jenkins, 1981; Peters & Raelson, 1984). Therefore, 269 

we disaggregated population density data by trophic level (i.e., herbivore, omnivore, and carnivore) for 270 

mammals and birds, and performed regression analyses for each category case. Therefore, we 271 

disaggregated the population density data for mammal and bird species by trophic level. In contrast, the 272 

regression analyses for reptile and insect species were performed across all trophic levels. This is due 273 

to limited data at the species level in both cases. The results of the linear regression analyses are 274 

presented in Fig. 2. The coefficients calculated for each linear regression are presented in Appendix 2.  275 

 276 
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 277 
 278 

Figure 2 Plots showing the fits of our proposed allometric equations for land area use (red line, 279 

foreground; see Table 1), and the 95% confidence intervals for each line of best fit, for mammals (a, 280 
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carnivores; b, omnivores; c, herbivores); birds (d, carnivores; e, omnivores; f herbivores); g, reptiles; 281 

and h, insects. The sources of the data (markers, background) used are shown in the legends. In each 282 

case, the full dataset is available in the Supplementary Data document.  283 

 284 

In Fig. 2, the equations describing each linear line of best fit (red lines) take the following form (Eq. 285 

(1)):  286 

 287 

 10 , 10 10 ,( ) ( ) ( ) ( )i i b i i i a iLog b e Log M Log a e =   +   (1) 288 

 289 

Where ρi (individuals km-2) is the population density of an individual (subscript i), Li (km2 individual-1) 290 

is its reciprocal, the land area use of an individual; Mi (kg) is the adult body mass of the corresponding 291 

species; ai and bi are the intercept and the gradient (respectively) of the line of best fit – biological class-292 

specific parameters derived through regression analyses; and ea,i and eb,i are the standard error terms for 293 

ai and bi respectively. ai, bi, ea,i, and eb,i are presented in Table A2, Appendix 2.   294 

 295 

The allometric equations for land area use (Eq. (2)) is converted into the standard allometric equation 296 

form (Eq. (5)) as follows:  297 

 298 

 10 10 10( ) ( ) ( )ib

i i iLog Log M Log a = +  (2) 299 

 10 10( ) ( )ib

i i iLog Log a M =   (3) 300 

 ib

i i ia M =   (4) 301 

 
1 1( )ib

i i i iL a M − −= =   (5) 302 

 303 

Where Li is the land area use of an individual (km2 individual-1), the inverse of that individual’s 304 

population density (ρi).  305 

 306 

2.2. Water use 307 
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 308 

Terrestrial species either satisfy their water needs through active means, whereby water is ingested (i.e. 309 

drunk, or acquired through the diet); or through passive means, whereby water is absorbed directly from 310 

the atmosphere or produced metabolically (i.e. as a by-product of respiration) (Nicholson, 2008; 311 

Schmidt-Rohr, 2020). Here, ‘water use’ is used to describe active water intake excluding that from the 312 

diet. This is because we are interested in the interaction between animal species and bodies of water 313 

that humans also utilise; metabolic water cannot be appropriated. We assume that dietary water 314 

requirements are satisfied when the energy requirements of an individual are met.  315 

 316 

Ecological studies (e.g., (Calder, 1981)) have linked the water use of individual mammals and birds to 317 

their adult body masses. Allometric equations have subsequently been developed for wild and captive 318 

mammals (Eq. (6)) and birds (Eq. (6)): 319 

 320 

 
5 0.9

, 9.9 10 ( )i mammals iW M−=   (6) 321 

 
5 0.67

, 5.9 10 ( )i birds iW M−=   (7) 322 

 323 

Where Wi,mammals and Wi,birds (m3 individual-1 day-1) are terms quantifying the water use for an individual 324 

(subscript i) mammal and bird respectively, and Mi (kg) is the adult body mass of the corresponding 325 

species. These equations have conventionally been used in an animal husbandry context to predict the 326 

water use needs of livestock (Ministry of environment & climate change strategy, 2001). 327 

 328 

While the mechanism of drinking has been studied in some reptile species (e.g., (Cundall, 2000)), the 329 

drinking habits of insect and reptile species are not as well understood as those of mammals and birds 330 

(Nagy, 1982). Here we assume that insect species satisfy their need for water entirely through their diet, 331 

through metabolic means, and by absorbing water from the atmosphere (Nicholson, 2008; Barton-332 

Browne, 1964; Chapman, Simpson & Douglas, 2013). Similarly, we assume that reptiles satisfy their 333 

need for water entirely through their diets and through metabolic means (Martin & Sumida, 1997). 334 
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Therefore, allometric equations describing water use by individual insects and reptiles are not presented 335 

in Table 1.  336 

 337 

2.3. Energy 338 

 339 

All living organisms require energy, in one form or another, to function. Terrestrial animal species are 340 

heterotrophic, they acquire energy from the food they eat (Nagy, 2005). Once eaten, this food is 341 

metabolised and used, for example, to regulate body temperature (McClune et al., 2015). The concept 342 

of ‘basal metabolic rate’ (BMR), the rate at which energy is expended while an individual is at rest 343 

(Mcnab, 1997; McClune et al., 2015), is often used when describing the metabolism of animals 344 

(McClune et al., 2015). However, animals do not exist at rest. All animals must search for natural capital 345 

and/or interact with other individuals to satisfy their well-being needs. A concept called the field 346 

metabolic rate (FMR) accounts for this additional exertion (Speakman, 1999). Therefore, we consider 347 

FMR to be a more appropriate concept for capturing energy use by terrestrial species. By describing the 348 

essential intake of food in terms of energy, this well-being need can be compared across different 349 

taxonomic ranks and trophic levels (e.g., herbivore, carnivore, omnivore).  350 

 351 

Allometric equations relating FMR to adult body mass for individual mammals, birds and reptiles have 352 

been proposed with the general form shown in Eq.(8) (Nagy, Girard & Brown, 1999):  353 

  354 

 ( ) ib

i i iE a M=    (8) 355 

 356 

Where Ei (kJ individual-1 day–1) is the energy use of an individual (subscript i) mammal, bird, or reptile, 357 

Mi (kg) is the adult body mass of the corresponding species, and ai and bi are biological class-specific 358 

parameters (see Table 1). Accounting for the inherent metabolic differences between different trophic 359 

levels, the individual allometric equations describing energy use by individual mammals (herbivores, 360 



16 

 

Eq. (9); omnivores, Eq. (10); carnivores Eq. (11)), birds (herbivores, Eq. (12); omnivores, Eq. (13); 361 

carnivores, Eq. (14)), and reptiles (Eq. (15)) are: 362 

 363 

 
0.646

, , 688.4 ( )i mammals herbivore iE M=   (9) 364 

 
0.678

, , 652.1 ( )i mammals omnivore iE M=   (10) 365 

 
0.85

, , 791.2 ( )i mammals carnivore iE M=   (11) 366 

 
0.681

, , 1,159.3 ( )i birds herbivore iE M=   (12) 367 

 
0.628

, , 716.6 ( )i birds omnivore iE M=   (13) 368 

 
0.705

, , 1264 ( )i birds carnivore iE M=   (14) 369 

 
0.889

, 91.0 ( )i reptiles iE M=   (15) 370 

 371 

An allometric equation describing the energy use of individual insects has previously been proposed by 372 

Ballesteros et al. (2018) (Ballesteros et al., 2018) (Eq. (16)), which follows the same form as described 373 

in Eq. (8).  374 

 375 

 
0.832

, sec 526 ( )i in ts iE M=   (16) 376 

 377 

However, Eq. (16) describes energy use at the BMR, hence it does not describe the energy required to 378 

satisfy an individual’s well-being needs. Transformation of this equation to describe FMR is important 379 

to ensure its consistency with the equivalent allometric equations for mammals (Eqs.(9-11)), birds 380 

(Eqs.(12-14)), and reptiles (Eq.(15)). We transform Eq. (18) based on the findings that FMR = 32*BMR, 381 

where Mi,insects < 1x10-5 kg; and FMR = 8*BMR, where Mi,insects ≥ 1x10-5 kg. This produces Eqs.(17-18), 382 

which are now appropriate for quantifying the energy use associated with well-being in individual 383 

insects.  384 

 385 
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0.832 5

, sec 16,832( )  where 1 10  kgi in ts i iE M M −=    (17) 386 

 
0.832 5

, sec 4,208( )  where 1 10  kgi in ts i iE M M −=    (18) 387 

 388 

The assumptions that FMR = 8*BMR and FMR = 32*BMR are applied here as it has been shown that 389 

BMR scales with FMR for insects in a similar way to mammals and birds. For small mammals and 390 

birds, BMR is shown to scale to FMR according to FMR = 2*BMR (Golley, 1960). For insects, FMR is 391 

shown to be 32-times greater than BMR in small insects (< 1x10-6 kg), and 8-times greater in large 392 

insects (≥ 1x10-6 kg) (Niven & Scharlemann, 2005).  393 

 394 

3. Results 395 

 396 

3.1. Proposed equations for quantifying ecosystem well-being needs  397 

 398 

Here, we compile a set of allometric equations (Tables 1-2) to quantify natural capital use in ecosystems, 399 

analogous to quantifying human well-being needs in socioeconomic systems (Rao & Min, 2018). These 400 

equations relate the average adult body mass of individual terrestrial mammals, birds, reptiles, and 401 

insects to their land area use (Li, km2 individual-1), water use (Wi, m3 individual-1 day-1), and energy use, 402 

i.e., from food or sunlight, (Ei, kJ individual-1 day-1).  403 

 404 

Table 1. Equations for land area use and energy use by individual mammals, birds, reptiles, and 405 

insects. Land area use is equal to the inverse of population density (i.e., ρ–1), subscript i denotes an 406 

individual animal, and Mi (kg) is the average adult body mass of the corresponding species in each 407 

case. 408 

 409 

Class 
Trophic 

level 

Land area use  

(km2 individual-1) 

Energy use  

(kJ individual-1 day-1) 

Mammals Carnivore ( )
1

1.0182.74 ( )iM
−

−  
0.85791.2 ( )iM  

Mammals Herbivore ( )
1

0.58318.84 ( )iM
−

−  
0.646688.4 ( )iM  

Mammals Omnivore ( )
1

0.91520.28 ( )iM
−

−  
0.678652.1 ( )iM  
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Birds Carnivore ( )
1

0.8680.65 ( )iM
−

−  
0.7051,264 ( )iM  

Birds Herbivore ( )
1

0.6933.02 ( )iM
−

−  
0.6811,159.3 ( )iM  

Birds Omnivore ( )
1

0.4165.61 ( )iM
−

−  
0.628716.6 ( )iM  

Reptiles All ( )
1

0.656218.3 ( )iM
−

−  
0.8991.0 ( )iM  

Insects All ( )
1

0.7137852 ( )iM
−

−  
 

0.83216,832 ( )iM  a, 

0.8324,208( )iM b 

a Where Mi < 1x10-5 kg, b Where Mi ≥ 1x10-5 kg 410 

 411 

Table 2. Equations for water use by individual mammals, birds, reptiles, and insects. The 412 

subscript i denotes an individual animal, and Mi (kg) is the average adult body mass of the 413 

corresponding species in each case. 414 

 415 

Class 
Water use  

(m3 individual-1 day-1) 

Mammals 
5 0.909.9 10 ( )iM−   

Birds   
5 0.675.9 10 ( )iM−   

Reptiles No data 

Insects No data 

 416 

The allometric equations have the following general form: 417 

 418 

 
ib

i i ix a M=   (19) 419 

 420 

Where xi is the natural capital use of an individual (subscript, i), e.g., km2 individual-1 for land area use 421 

(xi = Li); Mi (kg) is the adult body mass of its corresponding species, and ai and bi are biological class-422 

specific parameters derived through regression analysis (see Table A2, Appendix 2). Our method uses 423 

the equations (in Tables 1-2), applied in conjunction with the results of ecological surveys (e.g., 424 

ecosystem surveys measuring the variables: species name, number of individuals, location details, e.g., 425 

habitat type and climate; and where possible, body mass) to determine the land area, water, and energy 426 

needed to support desired individuals/networks (e.g., food webs) that comprise these surveyed 427 

ecosystems.  428 
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 429 

3.2. Interpreting land area use in multi-species populations 430 

 431 

Land area use describes activity that satisfies a range of essential (i.e., life-supporting) physiological 432 

needs like thirst, hunger, and rest (e.g., space for nesting, and travel to nesting sites). It also describes 433 

other, less essential activities. For example, an individual animal’s need to socialise or stimulate 434 

themselves. In contrast, plants are sessile; their land area use is limited to essential needs, like the 435 

inception of sunlight and the uptake of water, nutrients, and gases associated with photosynthesis and 436 

respiration.  437 

 438 

Different species co-exist and make use of the same land area within ecosystems. Within a diverse 439 

population, social and physiological needs can be met through competitive and non-competitive means. 440 

In the latter case, individuals of different species may satisfy their needs without compromising the 441 

ability of others to satisfy their own. For the former case, population density captures intraspecific 442 

(between the same species) but not interspecific (between different species) competition for land area. 443 

Inter-species land area competition includes competition across different spatial planes (e.g., below 444 

ground, at ground level, in the canopy level, etc.), and across different trophic levels. While there have 445 

been some studies into the shared use of land area between sympatric species (e.g., (Pigot, Tobias & 446 

Jetz, 2016; Chamberlain & Leopold, 2005; Steenhof & Kochert, 1985; Avenant & Nel, 1997)), 447 

comprehensive data on interspecific competition is not readily available in the literature. However, we 448 

acknowledge that it is not reasonable to take the sum of individual land area use values to describe the 449 

land area needed to support a multi-species population.   450 

 451 

For these reasons, we take a conservative approach to interpreting land area use when applying our 452 

conceptual framework at this stage. We propose that land area use describes a constraint rather than a 453 

need in the same way ‘energy use’ and ‘water use’ do. Simply, the natural capital used by an individual 454 

should be located within the land area use range described by the land area use equation. Additionally, 455 

that natural capital must also be accessible to the individual, as illustrated in Fig. 3, and of suitable 456 
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quality. If natural capital is not available to an individual, we assume it cannot be used to satisfy that 457 

individual’s well-being needs. For illustrative purposes, the land area use of an individual is taken to 458 

describe a circular area in Fig. 3.   459 

 460 

 461 
Figure 3 Illustration of ‘land area use’ as a constraint in the estimation of ecosystem well-being 462 

needs. Li (dashed boundary) represents the land area use constraint; the land area which the individual 463 

animal (centre) is anticipated to use. The river acts as a physical barrier, making the right side 464 

inaccessible. The berries represent natural capital. The berries on the left (a) can be used by the 465 

individual (accessible and within the area Li), whereas the berries on the right (b) cannot (inaccessible 466 

and outside the area Li).  467 

 468 

An ecosystem’s ability to support biodiversity depends on what energy is available there. Variations in 469 

what type and quality of energy is available across different climates and habitat types gives rise to a 470 

global species richness gradient (Hawkins et al., 2003). The metabolic values calculated using the 471 

proposed equations for energy use (Table 1) make it possible to determine the land area needed to 472 

support herbivory within a multi-species population – the land area which supports primary producers, 473 

herbivores, and omnivores within an ecosystem – based on net primary productivity (NPP) data. This 474 

land area, which we call the ‘bio-productive land area, LBP’ is calculated using Eq. (20). Given the 475 

homogeneity of ecosystems, LBP varies with climate, habitat-type, and season. We apply and discuss 476 

Eq. (20) in Section 3.3.2. 477 

 478 

 
,population BP

BP

p i i

E
L

C NPP a
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Where LBP (km2) is the bio-productive land area, Cp (kJ kg-1) is the average calorific value for plant 481 

matter within the bio-productive land area, ηi (kJ kJ-1) is the assimilation efficiency, i.e., calories 482 

extracted divided by calories available; Epopulation,BP (kJ population-1 day-1) is the total energy use of 483 

individual herbivores and omnivores satisfied through the consumption of primary producer species; 484 

NPP (kJ km-2 day-1) is the net primary productivity; and ai (kg kg-1) is a coefficient that accounts for the 485 

suitability of biomass contributing to NPP. For example, if 10% of the NPP is used for herbivory (i.e., 486 

it is suitable and accessible), ai = 0.1.  487 

 488 

3.3. Applying the allometric equations  489 

 490 

3.3.1. Description of the surveyed site 491 

 492 

We demonstrate the application of our allometric equations using a limited species survey from a site 493 

in the Scottish Highlands (Fig. 4) that is being studied through a long-term ecological survey (White, 494 

2020). This site, formerly a conifer plantation, is the location for the National Capital Laboratory (NCL), 495 

a joint project between AECOM, ‘The Lifescape Project’, and The University of Cumbria (AECOM, 496 

2020). The NCL was established in 2019 to re-wild the site and monitor changes in biodiversity, habitat 497 

types, wildlife, and the quality of natural capital (e.g., soil and water quality) over a five-year period. 498 

The aim of the project, in addition to the restoration and conservation of the site, is to understand the 499 

causal link between changes in biodiverse ecosystems, climate change, and biodiversity loss. The site 500 

itself has a total area of 0.426 km2 and includes the following broad habitat types: (1) woodland, (2) 501 

mountains, moorlands, and heath, (3) freshwater, wetlands, and floodplains, and (4) semi-natural 502 

grassland. 503 

 504 
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 505 

Figure 4. Location of the surveyed site within the UK (a) in proximity to Inverness, Scotland (b), and 506 

the habitat types at the NCL site (c). In (c), the white outline is the NCL site boundary; the green area 507 

is woodland; the orange area is semi-natural grassland; the purple area is mountains, moorlands, and 508 

heath; and the blue area is freshwater, wetlands, and floodplains – the Fechlin River (Google, 2020b, 509 

2020a, 2020c). The yellow line in (b) represents the catchment area of the River Ness. Map data was 510 

modified from Google Earth version 9.3.117.0: https://www.google.com/earth/. 511 

 512 

The ‘freshwater, wetlands, and floodplains’ habitat describes an on-site river, which is not considered 513 

a terrestrial habitat and so is beyond the scope of this paper. This leaves an area of 0.403 km2, 514 

comprising three broad habitat types: woodland (84.7%); mountains, moors, and heaths (13.7%); and 515 

semi-natural grassland (1.5%).    516 

 517 

Through site surveys over a two-month period, 45 species (192 individuals) were observed on the NCL 518 

site (White, 2020): 6 species of mammals (N = 9), 31 species of birds (N = 129), 7 species of insects 519 

(N = 52), and 1 species of reptile (N = 2) (Table S9, Supplementary Data). Once recorded, these species 520 

were each assigned an average adult body mass (Encyclopedia of Life, 2018). These adult body mass 521 

data are not included in the site surveys but are needed to apply the proposed allometric equations for 522 

    

    

        

          

 

 

 

https://www.google.com/earth/
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land area use, energy use, and water use (Tables 1 & 2). We note that the number of insects observed 523 

in the NCL site is much lower than one would expect. The insect population does not exceed the number 524 

of vertebrates, which suggests that the NCL data do not accurately capture the abundance of species on 525 

the site. However, we view these NCL data as still being useful here to demonstrate the application of 526 

our allometric equations and as a basis for more comprehensive data collection in later stages of the site 527 

survey. Therefore, we treat the total land area use calculated using the NCL data as an underestimate of 528 

that used by biodiversity on-site. 529 

 530 

At this stage our framework is applied only conceptually. It aims to describe what quantity of the natural 531 

capital produced at the NCL is currently used by biodiversity on-site. In practice, this data would be 532 

used to understand the natural capital cost of supporting biodiversity at the NCL site. Specifically, to 533 

investigate scenarios of conservation/rewilding versus human development on site: to determine 534 

whether current levels of biodiversity (assuming the observed population = 1 unit of biodiversity) can 535 

be supported at the NCL site given its current natural capital stocks and coexisting socioeconomic use; 536 

and whether current or desired levels (n units) of biodiversity can be supported at the NCL site alongside 537 

increased human development (e.g., increased water abstraction, the development of infrastructure on 538 

site, etc). The effect of which is decreased natural capital production, and reduced access to natural 539 

capital stocks amongst animals (see Fig. 1b). The application of our framework could therefore guide 540 

conservation and development practices at the NCL site, optimising the site’s ability to meet ecosystem 541 

and socioeconomic needs simultaneously.    542 

 543 

3.3.2. Results and discussion 544 

 545 

Tables 3 and 4 describe the natural capital requirements of the 45 species identified (the current, 546 

observed biodiversity) at the NCL site. These results do not describe the natural capital requirements 547 

associated with larger (i.e., minimum viable) populations of each species observed.  548 

 549 
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Table 3. Estimated land area use and energy use of species at the NCL site 550 

Class Trophic level N 
Land area use a 

(km2 population-1) 

Energy use 

(kJ population-1 day-1) 

Mammals All 9 2.06 22,106 

Mammals Carnivore 1 0.48 989 

Mammals Omnivore 3 0.48 2,713 

Mammals Herbivore 5 1.10 17,501 

Birds All 129 8.41 14,014 

Birds Carnivore 56 5.33 8,214 

Birds Omnivore 66 2.93 5,249 

Birds Herbivore 7 0.15 551 

Reptiles All 2 4.6x10-4 4 

Insects All 52 2.0x10-5 1,035 

Total All 192 10.5 37,158 

  551 

Table 4. Estimated water use of species at the NCL site 552 

Class Trophic level N 
Water use 

(m3 population-1 day-1) 

Mammals All 9 0.01 

Birds All 129 0.00 

Reptiles All 2 - 

Insects All 52 - 

Total All 192 0.01 

 553 

The energy requirement for mammals is greatest despite the observed population of mammals being 554 

less than a tenth of the bird population. We attribute this result to the presence of sika deer at the NCL 555 

site, which have an average adult body mass of 42 kg. This is the greatest adult body mass of all the 556 

observed species at the NCL site, one that exceeds that which is possible for any flying bird species 557 

(O’Gorman & Hone, 2013). We suppose that this result may indicate a general trend that the energy 558 

requirement of mammals will be high, despite low mammalian populations relative to other species. 559 

Overall, these results indicate that birds and mammals will likely contribute most to energy requirement 560 

associated with supporting biodiversity. Hence, the estimated energy use of mammals and birds may be 561 

sufficient to reliably describe that of a wider population when reptile and/or insect data are unavailable 562 

– a scenario which reflects the current situation in the ecological literature.  563 

 564 

The extent to which different species share the same land area is not known, so land area use is 565 

interpreted as a constraint. What can be identified from the NCL data (see Table S9, Supplementary 566 
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Data) is that the greatest land area use at the NCL site is attributed to two species: Meles meles (0.48 567 

km2) and Cervus nippon (0.47 km2). The NCL site itself is 0.43 km2, meaning all suitable natural capital 568 

within the NCL site boundaries area accessible to both species. In fact, the species may make use of 569 

natural capital beyond the NCL site boundaries, to supplement their needs. All other individuals have 570 

land area use (constraint) values less than that of the NCL site.  571 

 572 

Using our energy use values, we estimate the land area needed to satisfy the metabolic needs (energy 573 

use, Table 3) of primary consumers; we term this land area ‘bio-productive land area’, (LBP), and 574 

calculate it using Eq. (20). Here we assume the NCL to be a temperate woodland (broadleaf, deciduous), 575 

with average ‘net primary productivity’ (NPP, the rate at which organic compounds, in this class 576 

primary producers, are produced above ground, i.e., leaves, stems, fruit, etc.) of 918 kg km-2 day-1. A 577 

coefficient (ai) is applied to adjust the NPP because the quality of habitats at the NCL are considered 578 

poor (DeAngelis, Gardner & Shugard, 2013), and because some biomass will be of inadequate quality 579 

or incorrect type to support the observed species. In the absence of comprehensive data on the type of 580 

plant species present at the NCL site, or the dietary behaviour of the observed species, we assume that 581 

10% of NPP at the NCL site will be consumed by terrestrial species (Encyclopædia Britannica Inc., 582 

2021). This effectively reduces the availability of energy of the bio-productive land area to 91.8 kg km-583 

2 day-1. Finally, we also use an average calorific value for plant matter (CP, 18,812 kJ kg-1) (Yan, Xu & 584 

He, 2018) to describe the energy acquired from the bio-productive land area. This means that there is 585 

1.73x107 kJ km-2 day-1 of suitable plant matter produced at the NCL site.  586 

 587 

We assume that all (100%) of herbivore energy use is satisfied through the consumption of primary 588 

producers and that seventy-five percent (75%) of omnivore energy use is satisfied through the 589 

consumption of primary consumers. We acknowledge that a 75:25 ratio of meat to plant matter is 590 

unlikely across the observed omnivorous species. However, given the lack of data on the exact diets of 591 

the observed species, 75% is used here for the purposes of demonstrating this stage of the methodology. 592 

Using these assumptions, the total energy use that satisfied by the bio-productive land area (i.e., 593 

EPopulation,BP) is 27,051 kJ population-1 day-1 (see Table S10, Supplementary Data).   594 
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 595 

This value must next be adjusted to account for the (in)efficiency by which consumed material is 596 

converted to usable energy by an individual. Here we term this the ‘assimilation efficiency’ (ηi). The 597 

assimilation efficiency of herbivorous species ranges from 15 kJ kJ-1 to 80 kJ kJ-1 (Encyclopædia 598 

Britannica Inc., 2021). Again, owing to the absence of comprehensive data, an average assimilation 599 

efficiency of 47.5 kJ/kJ is used for the purpose of this calculation. This means that the herbivorous and 600 

omnivorous species in this example must in fact consume 5.69x104 kJ population-1 day-1 to satisfy their 601 

metabolic needs.  602 

 603 

Inputting the variables (CP, 18,812 kJ kg-1, ηi = 0.475, NPP = 918 kg km-2 day-1, ai = 0.1 kg kg-1, 604 

Epopulation,BP = 27,051 kJ population-1 day-1) into Eq. (20), we calculate that a bio-productive land area of 605 

0.033 km2 population-1 is needed to support herbivory at the NCL site. This is equivalent to 8% of the 606 

NCL site (0.403 km2), suggesting herbivory may be adequately supported. The remaining metabolic 607 

needs would be met through carnivory, assuming adequate opportunity for predation exists beyond the 608 

boundaries of the NCL site.   609 

 610 

In total, we calculate that 0.01 m3 day-1 water is required by the species observed on the NCL site. Given 611 

that the individual is not restricted to the NCL site, their water requirement can be satisfied using 612 

freshwater outside of the NCL site. It was estimated that 0.04 m3 day-1 freshwater was drawn from an 613 

on-site well  (for socioeconomic use) (White, 2020). This brings the total on-site water demand to 0.05 614 

m3 day-1. Although abstracted at different points (animals do not draw water from the well on-site), the 615 

river Fechlin serves as a constant input of freshwater (one of many possible sources) to the site. 616 

Assuming the river Fechlin has a width of 15 m at the NCL site, 32,400 m3 [freshwater] m-1 [depth] 617 

day-1 [assuming an average velocity of 2,160 m day-1 (Eltner, Sardemann & Grundmann, n.d.)] traverses 618 

the NCL site. This suggests that freshwater is not the limiting resource at the NCL site. However, the 619 

upper limit of on-site abstraction is difficult to predict. The river Fechlin is part of a larger catchment 620 

system, that of the River Ness (Scottish Environmental Protection Agency (SEPA), 2010), with a 621 

catchment area of 1849.1 km2 (Scottish Environmental Protection Agency (SEPA), 2020; Ness District 622 
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Salmon Fishery Board and Scottish Fisheries Co-ordination Centre, 2017) and hence many points of 623 

abstraction. Ultimately, combined water use (i.e., by socioeconomic- and eco-systems) from rivers 624 

should generally be analysed at the catchment system level to determine whether sufficient water is 625 

available to meet their combined needs.  626 

 627 

Our findings suggest that conservation projects, like the NCL, would benefit from aligning their project 628 

boundaries with physical boundaries that delineate biodiverse ecosystems. The aims of the NCL project 629 

includes the restoration and conservation of the site. However, because the observed species likely make 630 

use of the NCL as part of a wider land area, it is difficult to determine the full extent to which its 631 

restoration has on biodiversity. Thus, it may be difficult to distinguish which changes are due to the 632 

restoration of the NCL site, and which are due to changes beyond its boundaries. It would be beneficial 633 

to employ an ecological perspective to assess biodiversity change effectively, i.e., ecosystems should 634 

preferably be disaggregated along natural boundaries (i.e., physical boundaries, habitat type, and 635 

climate), rather than socio-economic ones (i.e., political, and economic boundaries). For example, at 636 

the NCL site, the ecosystem perspective can be lost when socio-economic boundaries are imposed. The 637 

results of its rewilding efforts might therefore be misinterpreted. The effects of its restoration would be 638 

better understood if the state of its surroundings were monitored simultaneously. Therefore, 639 

comprehensive ecological surveys of geographically isolated land areas, and applications of the 640 

allometric equations to those sites, presents a promising next step to quantify land area requirements 641 

for biodiverse populations. 642 

 643 

The NCL site comprises several habitat types (Fig. 4): woodland (84.7%); mountains, moorlands, and 644 

heath (13.7%); and semi-natural grassland (1.5%). These habitat types support biodiversity in different 645 

ways, meaning land area use at the class-level will vary by habitat type. However, the distribution of 646 

species across the different habitat types at the NCL site is not reported, preventing analysis at this 647 

disaggregated level here. More information may be extracted by comparing biodiversity to 648 

disaggregated units of the site and its surroundings, like habitat type. The effects of increased land area 649 

use by socio-economic systems could then be analysed accounting for the importance of different 650 
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habitat types for biodiversity amongst different species. This would help to identify which habitat types, 651 

and which stocks of natural capital, could be appropriated with the lowest impact on biodiversity. The 652 

ability to assess the possible effects of natural resource use on biodiversity would inform decision-653 

making on the allocation of land area (the type and the quantity) for conservation and for socio-654 

economic purposes. Such an improvement would facilitate the achievement of human development 655 

goals in ways that may prevent biodiversity loss.   656 

 657 

At the fundamental level, all species require adequate space for their ‘well-being’. The application of 658 

conceptual framework raises questions about how we interpret the needs of terrestrial species in a wider 659 

conservation context. For example, the Zoological Society of London (ZSL), the London Zoo, has a 660 

collection of over 600 species – over 19,000 individuals – at their Regent’s Park site. However, this site 661 

has a land area of 0.15 km2, which is less than the land area estimated to be used by individual 662 

carnivorous mammals with body mass greater than 0.5 kg. This might suggest that biodiverse 663 

ecosystems can adapt to exist within greatly reduced land areas if trade-offs between land area and 664 

nutritional requirements are managed. For example, through socio-economic intervention such as the 665 

provision of food in these areas. This discrepancy might also suggest that we need to improve our 666 

understanding of what natural resources are needed to support individual species and, by extension, 667 

multi-species populations in biodiverse ecosystems.   668 

 669 

4. Outlook  670 

 671 

Our proposed methodology offers a means by which the natural capital use in ecosystems may be 672 

quantified, analogous to human well-being needs in socioeconomic systems. This advancement can 673 

facilitate the development of much needed comprehensive models of natural capital use, describing 674 

socioeconomic- and eco-systems holistically. Critically, this will allow trade-offs driven by the limited 675 

availability of natural capital – those between human and ecosystem well-being, and subsequently those 676 

between human development and environmental conservation – to be identified, assessed, and 677 

managed. This will improve our ability to model and manage natural capital use at the global scale and 678 
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facilitate the development of sustainable targets for achieving environmental conservation alongside 679 

human development.  680 

 681 

Our work facilitates a more holistic approach to ecological conservation alongside human development. 682 

It addresses a fundamental knowledge gap across the ecological fields, to help satisfy one of the 683 

fundamental aims of industrial ecology: to study socioeconomic- and eco-systems holistically. We are 684 

not calling for conceptual shift from anthropocentrism to biocentrism. Instead, a pragmatic approach is 685 

needed; where new ecological data shows human development causes excessive degradation of 686 

ecosystems, socioeconomic bias must give way to compromise by recognising the trade-offs in play.  687 

 688 

We present an initial application of our methodology at this stage, based at the NCL site in the Scottish 689 

Highlands, which describes the application of our methodology in the context of rewilding (a form of 690 

ecosystem management). However, our proposed methodology can be applied in many other contexts. 691 

In the same way the ecological footprint (Wackernagel & Beyers, 2019) describes the cost of global 692 

socioeconomic activities (number of planets), our methodology, in describing the natural capital cost of 693 

conserving biodiversity, provides an intuitive basis for natural capital management. Furthermore, by 694 

describing the natural capital cost associated with conservation analogous to that of satisfying human 695 

needs, there is potential to introduce our methodology to describe the cost of our conservation ambitions 696 

concurrent to socioeconomic activities. In a local context, our methodology can also complement 697 

assessments of urban metabolisms (e.g., (Hoekman & von Blottnitz, 2017)). These assessments use 698 

material flow analyses (MFAs), which describe the use of natural capital within defined boundaries – 699 

here a city. In a specific local context, our methodology can be incorporated into the life cycle 700 

assessment (LCA) framework (de Baan, Alkemade & Koellner, 2013) to quantify the impact of urban 701 

development, for example, on local biodiversity – often called for in the literature (Winter et al., 2017).  702 

 703 

Consider a plot of land within a city, for which several development plans are being considered. Each 704 

plan will require different quantities of materials, and each plan will alter the undeveloped plot in 705 

different ways (land area use change, the inclusion of blue-green infrastructure, etc.). Given location-706 
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specific data on urban animal populations (those expected to make use of the plot of land in question), 707 

we can describe the natural capital cost needed to support a population (1 unit) expected to use the plot 708 

of land. Hence, we can infer the number of populations (i.e., ‘n’ units) each development scenario can 709 

support. By comparing these results, in conjunction with other LCA results, a more informed decision 710 

can be made on which development best suits the socioeconomic and conservational ambitions of the 711 

developers, the community, and so forth.  712 

 713 

We suggest two priorities for the advancement of our methodology:   714 

 715 

• Capturing the spatial and temporal heterogeneity of ecosystems (Libralato, Christensen & 716 

Pauly, 2006) within our framework. The use of natural capital in ecosystems varies at the local 717 

and global scale, in line with variables like habitat type, ecosystem structure, and the seasonality 718 

of plant species. Therefore, our allometric equations should be advanced to include additional 719 

terrestrial biological class, plant species, and marine species, while also disaggregating between 720 

different habitat types and climates.  721 

 722 

• Quantifying the natural capital cost of conserving species critical to ecosystem functionality 723 

(pragmatic rather than comprehensive conservation, i.e., no loss of species (Wilson, 2016)). 724 

Thus, environmental conservation targets can be developed that protect critical ecosystem 725 

functionally with less socioeconomic compromise than a ‘no loss of species’ approach. This 726 

application of is contingent sufficient data describing the role different species and intraspecific 727 

interactions play in critical ecosystem functionality.   728 

 729 

Ultimately however, our ability to understand the limits to ecologically sustainable human development 730 

is contingent on the collection and availability of ecological survey data across different habitat types 731 

and different biological classes, and at the global scale. In the absence of such data, the efficacy of 732 

contemporary human-development and environmental-conservation targets are uncertain – a 733 

problematic prospect given present-day levels of ecological decline. 734 
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Appendix 1 998 

 999 

The negative feedback loop (Fig. A1) illustrates how the unfulfillment of ecosystem well-being needs 1000 

contributes to the reduced availability of natural capital in ecosystems, given the role of interspecific 1001 

interaction in the production of natural capital in ecosystems. While many causal links between 1002 

socioeconomic activity and ecosystem degradation are identified, our current lack of understanding on 1003 

ecosystem well-being needs can further undermine our ability to meet human well-being needs and 1004 

achieve human development goals.     1005 

 1006 
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 1008 
 1009 

Figure A1. A ‘negative feedback’ scenario where ecosystem structure is degraded following two 1010 

main causal pathways. First, due to the environmental impacts associated with meeting human well-1011 

being needs (C), either directly (D) or indirectly (E-F); and second, due to a trade-off between socio-1012 

economic and eco-systems driven by limited natural capital availability (J-L). This degradation 1013 

reduces the production (G) and hence the availability (H) of natural capital, which further degrades 1014 

ecosystem structure (I). This exacerbates the impacts of socio-economic activities. In response, human 1015 

well-being decreases (M) and our ability to satisfy intergenerational human well-being needs is 1016 

reduced (O). Our ability to achieve human development targets is thus impaired (P). 1017 
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Appendix 2 1018 

 1019 

Below we present the following regression coefficients derived from our regression analyses for 1020 

log10(population density) versus log10(adult body mass)). These coefficients are all calculated using the 1021 

‘fitlm’ linear regression model (MathWorks, 2022) in the MATLAB computing environment.  1022 

  1023 

Table A1. Regression coefficients for log10(population density) versus log10(adult body mass) for 1024 

terrestrial mammals, birds, reptiles, and insects. Where N describes the number of observations, 1025 

and e the root mean squared error.  1026 

Class 
Trophic 

level 
N e R2 p-value 

Mammals Carnivore 1323 0.76 0.666 1.46x10-316 

Mammals Herbivore 4296 0.964 0.547 0 

Mammals Omnivore 1458 0.796 0.611 8.64x10-301 

Birds Carnivore 6659 0.842 0.300 0 

Birds Herbivore 173 0.756 0.465 5.59x10-25 

Birds Omnivore 2521 0.808 0.113 2.43x10-67 

Reptiles All 578 1.07 0.205 1.44x10-30 

Insects All 31 0.992 0.377 2.39x10-4 

 1027 

In each case, the p-value is low, indicating that the null hypothesis can be rejected. This confirms what 1028 

is already known: there is a relationship log10(population density) versus log10(adult body mass) across 1029 

the four biological classes we analysed. There is great variation in the R2 values in Table A1. The 1030 

equations for mammals capture a greater amount of variance than the equations for birds, reptiles, and 1031 

insects. The remaining variation could be attributed to variations in the habitats in which the species – 1032 

those described across the data – were observed. Variations in natural capital availability and the rate 1033 

of its production in one location may vary considerably to those in locations with different climates, 1034 

habitat qualities, and population dynamics for example. Moreover, this data describes living, 1035 

autonomous beings – some variation must be attributed to individual behaviour and personal choice, 1036 

both of which are difficult to describe in a general (i.e., species-level) sense. To improve the analyses 1037 

in future, it would be useful to investigate the relationship log10(population density) versus log10(adult 1038 

body mass) disaggregated by habitat-type. While this is not easily done using data from Damuth (1986) 1039 
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and similar, more recently published databases (e.g., TetraDensity) permit such disaggregation for some 1040 

datapoints. However, even in the TetraDensity database, many datapoints lack a ‘habitat type’ value.  1041 

  1042 

In Table A2, we present the biological class-specific coefficients (ai and bi) which are described in Eqs. 1043 

(1-5). A shown in Eq. 1 (main text), ai corresponds to the intercept of the linear line of best fit in each 1044 

plot in Figure 2 (main text, red lines); bi corresponds to the gradient the line in each case; and ea,i and 1045 

eb,i are the standard error terms for ai and bi respectively. These coefficients are all calculated using 1046 

‘fitlm’ linear regression model (MathWorks, 2022) in the MATLAB computing environment.   1047 

 1048 

Table A2. Species-specific coefficients for land area use.  1049 

Class Trophic level ai ea,i bi eb,i 

Mammals Carnivore 2.74 1.08 -1.018 0.020 

Mammals Herbivore 18.84 1.04 -0.583 0.008 

Mammals Omnivore 20.28 1.05 -0.915 0.019 

Birds Carnivore 0.65 1.06 -0.868 0.016 

Birds Herbivore 3.02 1.17 -0.693 0.057 

Birds Omnivore 5.61 1.07 -0.416 0.023 

Reptiles All 218.3 1.30 -0.656 0.054 

Insects All 7852 5.90 -0.713 0.170 

 1050 

We acknowledge that sampling bias might exist in some of the data used to perform our regression 1051 

analyses (notably in Figures 2a and 2d-h; see main text) but addressing this sampling bias is beyond our 1052 

scope at this stage. The sampling bias observed is due to an asymmetric distribution of data within the 1053 

sources used to compile the data in Tables S1-S8 (see Supplementary Data). Where there is a bias 1054 

towards individuals of lower log10(adult body mass), e.g., Figures 2d-g, the equation for land area use 1055 

(Table 1, main text) may be an underestimate. Conversely, where there is a bias towards individuals of 1056 

higher log10(adult body mass), e.g., Figures 2a and 2h, the equation for land area use may be an 1057 

overestimate. In each case, we consider the line of best fit to be sufficiently robust since the relationships 1058 

between log10(population density) and log10(adult body mass) are generally comparable (see Appendix 1059 

3) to those established in earlier publications: e.g., those published by (Damuth 1987), (Silva & 1060 

Downing 1995), (Stephen et al., 2019), (Robinson & Redford, 1986).  1061 

 1062 
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Appendix 3 1063 

 1064 

In most cases, our proposed equations for the land area use of mammals possess slopes that lie within 1065 

the ranges of those developed by Damuth (1987) and Silva & Downing (1995), whose equations possess 1066 

slopes ranging from –0.73 to –0.96, and –0.25 to –1.31, respectively (Damuth, 1987; Silva & Downing, 1067 

1995). For mammals, the plotted lines have comparable slopes; the exception being the equations from 1068 

Silva & Downing (1995) for omnivores with adult body mass >100 kg and adult body mass <0.1 kg 1069 

(Fig. A2b). We attribute this to the fact that the authors disaggregate the mammalian population density 1070 

data by body mass as well as trophic level. By reducing the dataset size, the authors were able to identify 1071 

different relationships between adult body mass and population density (Currie et al., 1993). However, 1072 

it is difficult to determine whether the reduced datasets used were sufficiently large enough to produce 1073 

accurate allometric equations for population density that may be applied with confidence at the 1074 

biological class-level.  1075 

 1076 

 1077 
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 1084 

Figure A2. The fit of our proposed allometric equations for land area use (red line, foreground; see 1085 

Table 1, Main Text) alongside that of other prominent precedents in the literature, for mammals (a, 1086 

carnivores; b, omnivores; c, herbivores); birds (d, carnivores; e, omnivores; f herbivores); g, reptiles; 1087 

and h, insects. The sources of the data (markers, background) used are shown in the legends. In each 1088 

case, the full dataset is available in the Supplementary Data document.  1089 

 1090 

In Figure A2c, the allometric equations reported by Damuth (1987) produce results that are an order of 1091 

magnitude higher relative to the other results. In Figure A2d, a greater discrepancy is observed; the 1092 

allometric equations reported by Damuth (1987) produce results that are 2 orders of magnitude higher 1093 

relative to the other results. It is likely that this difference is the consequence of using a dataset that is 1094 

much smaller than those used by the other authors referenced in Figure A2, and substantially smaller 1095 

than that which is used to produce the allometric equations for land area use presented in Table 1 (Main 1096 

Text).  1097 

 1098 

There are significant differences between reported allometric equations for birds. Notably, the equations 1099 

reported by Juanes (1976) and Peters & Wassenberg (1983) possess positive slopes and do not fit the 1100 

herbivore data (Juanes, 1986; Peters & Wassenberg, 1983). This is contrary to the general trend across 1101 

all the biological classes, that population density decreases with increasing body size. Additionally, the 1102 

allometric equation reported by Damuth (1987) apparently over-estimates population density by 1-2 1103 

orders of magnitude relative to the others. This may be because Damuth (1987) uses a single equation 1104 

to describe all non-mammalian terrestrial vertebrates (i.e., birds and reptiles in this scope) and uses a 1105 
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relatively small dataset for non-mammal species, both of which reduce equation accuracy. The 1106 

limitation of Damuth’s small datasets is made more apparent as our expanded dataset contains a 1107 

considerable quantity of mammal and bird data that was not used in previous studies. In contrast, our 1108 

expanded dataset contains relatively less additional data for reptiles and insects compared to Damuth 1109 

(1987). Hence the allometric equations proposed by Damuth (1987) for reptiles and insects are 1110 

comparable to those we have developed and present in Table 1 (Main Text).  1111 

 1112 

We note that the correlation between body mass and population density across insect species is 1113 

relatively poor (Blackburn, Harvey & Pagel, 2016; Morse, Stork & Lawton, 2008), owing to a lack of 1114 

reported population density data for many insect species. Until such data is collected, we are unable to 1115 

predict the land area use of insects as accurately as the land area use of mammals, birds, and reptiles. 1116 

However, it is important that insects are not omitted when considering the natural capital demand of 1117 

ecosystems. Insects perform critical roles in ecosystem functionality and warrant the same level of 1118 

consideration as the other biological classes. By including insects in our proposed set of ecosystem 1119 

well-being needs, we set a precedent; we encourage others to describe the natural capital requirements 1120 

of insects alongside other, better-studied biological classes. Moreover, we encourage further data 1121 

collection to describe the land area use of insects more accurately than we can at this stage.   1122 

 1123 


