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ABSTRACT 1 

Aim In this study, I determine the relationships between net primary productivity (NPP), human 2 

population density, species richness and land use. I also examine the implications of human 3 

settlement patterns for species conservation.   4 

Location Australia. 5 

Methods I document the associations between NPP, human population density, and the species 6 

richness of birds, butterflies and mammals using correlations and spatial regressions. I also assess 7 

changes in land-use with NPP and population density focussing particularly on protected areas. An 8 

initial exploration into the implications of the NPP-population density relationship for regional 9 

conservation strategies is provided.   10 

Results Human population density increases with NPP suggesting that available energy may be a 11 

key driver of human settlement patterns. The species richness of each taxonomic group and 12 

geographically restricted species also increases with NPP leading to substantial overlap between 13 

alpha diversity and populated regions. The percentage of land designated as minimal use decreases 14 

considerably with increasing human population density and NPP, while intensive agriculture is 15 

confined entirely to areas of high NPP. There are strong negative relationships between the size of 16 

Australia’s National Parks and human population density and NPP. Small parks are often 17 

surrounded by relatively dense settlements, but have high average NPP, while large parks are 18 

mostly isolated and characterised by low productivity. There are no areas in the highest quartile of 19 

NPP that also occur in the most sparsely populated regions presenting challenges for conservation 20 

strategies wanting to protect productive areas under the least threat of human development.   21 

Main conclusions Human population density and species richness respond similarly to variation in 22 

NPP leading to spatial congruence between human settlements and productive, species rich regions. 23 

Planning strategies are required that minimise the potential threat posed by human development to 24 

diverse ecosystems and maximise the underlying productivity of protected areas. Reducing the level 25 

of threat may require stabilising the size of the human population, while capturing larger areas of 26 
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relatively high productivity in the conservation reserve system would lead to greater protection of 27 

local diversity.  28 

 29 

Keywords Net primary productivity, human population density, species richness, protected areas, 30 

land-use patterns.  31 

 32 

INTRODUCTION 33 

Energy drives ecosystems. A common and representative measure of energy flow through 34 

an ecosystem is net primary productivity (NPP). The rate of NPP is determined by the conversion of 35 

solar energy to plant matter via photosynthesis and represents an ecosystem’s maximum potential 36 

carbon storage (Eamus, 2003; Imhoff et al., 2004b). Various factors influence the productivity of an 37 

ecosystem, although rainfall and temperature are important variables (Eamus, 2003). A simple 38 

interpretation is that hot and wet areas (e.g. tropical rainforests) tend to have high NPP.  39 

One way of assessing humanity’s impact on ecosystems is to calculate human appropriation 40 

of NPP (HANPP). HANPP may occur through the conversion of land from one use to another (e.g. 41 

replacing native woodlands with annual crops) or the harvesting of natural resources without 42 

complete landscape conversion (e.g. selective logging of native forests). Both reduce the proportion 43 

of NPP available to other species and alter the functioning of ecosystems, although the former 44 

generally has more dramatic consequences than the latter. Estimates of HANPP have been 45 

conducted at global and local levels for terrestrial systems (Vitousek et al., 1986; Haberl et al., 46 

2001; Rojstaczer et al., 2001; Haberl et al., 2004a; Imhoff et al., 2004b). Although estimates of 47 

current appropriation of NPP are only rough guides to actual energy use by humans (consider, for 48 

example, the use of energy captured from ‘ancient’ ecosystems, e.g. coal and oil; Dukes, 2003), it is 49 

clear that HANPP has increased substantially with the explosion in human population size and 50 

consumption of natural resources (McDaniel & Borton, 2002).  51 
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However, the relationship between humans and NPP, and the consequences for other 52 

species, extends further than patterns in HANPP. Recent studies have shown strong positive 53 

correlations between human population density and NPP (Balmford et al., 2001; Chown et al., 54 

2003; Vázquez & Gaston, in press). It appears humans preferentially settle in areas of mid-high 55 

productivity. This pattern is consistent with the well-documented relationships between NPP and 56 

species richness where it appears richness peaks most commonly at high or mid-range values of 57 

NPP (although such relationships are taxon and scale specific: Waide et al., 1999; Gaston, 2000; 58 

Mittelbach et al., 2001; Whittaker & Heegaard, 2003). Hence, it is not surprising that positive 59 

correlations between human population density and species richness for various taxonomic groups 60 

have been recorded (Hunter & Yonzon, 1993; Balmford et al., 2001; Araújo, 2003; Chown et al., 61 

2003; Real et al., 2003; Gaston & Evans, 2004; Luck et al., 2004; Vázquez & Gaston, in press). 62 

Identifying the underlying factors that may influence human population density is important 63 

because of the relationship between population density and measures of negative impact on 64 

environments such as the density of invasive or exotic species (Thompson & Jones, 1999; 65 

McKinney, 2001; see Taylor & Irwin (2004) and Evans et al. (2005) for complicating factors) and 66 

increased risk of endangerment or extinction (Kerr & Currie, 1995; Woodroffe, 2000; Brashares et 67 

al., 2001; Parks & Harcourt, 2002; McKee et al., 2004).  68 

Considering the apparent role of NPP in influencing species richness, the human-NPP 69 

relationship warrants further attention particularly in relation to its implications for conservation. It 70 

is still unclear how widespread the relationship is and how land use changes with NPP and human 71 

population density. In particular, the capacity to manage productive sites primarily for conservation 72 

relatively free from spatial conflict with human development remains largely unexplored. In this 73 

study, I examine the relationships between NPP, species richness and human population density 74 

across Australia. I also assess changes in land use with NPP and human population density and 75 

provide an initial exploration into the degree of conflict between human development and the 76 

conservation of productive landscapes.  77 
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METHODS 78 

Spatial extent, sampling protocol and data sources 79 

The spatial extent of this analysis was mainland Australia excluding Tasmania and other 80 

offshore islands. The sampling grain was 1º grid cells defined by latitude and longitude (cell area ≈ 81 

10,000 km2). Coastal cells with < 50% land cover were removed from the dataset leaving 683 cells 82 

(the sample size).  83 

The first step in this analysis was to ascertain the extent of the relationship between species 84 

richness and NPP across Australia. This helps to determine the threat posed by any human 85 

population density – NPP association to the conservation of species rich regions. I focussed on 86 

birds, terrestrial mammals and butterflies, including only extant and native species, and for birds 87 

excluding vagrants and marine species. Species distribution data were obtained for birds from the 88 

Birds Australia Atlas (Barrett et al., 2003), for mammals from Strahan (1995), Menkhorst and 89 

Knight (2001) and unpublished sources (McKenzie et al., unpubl.; state-based atlases), and for 90 

butterflies from Braby (2000).  91 

Relationships were examined for each taxonomic group and for all taxa combined (i.e. total 92 

species richness). Total species richness is represented by the following index (modified from Sisk 93 

et al., 1994) that combines all three taxonomic groups weighted equally:    94 
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where Gi(e) is the number of species of group i in the grid cell, and Gi(t) is the total number of 98 

species of group i in the database. This index is the average proportion of the total species pool that 99 

is found in a given grid cell and weights each taxonomic group equally to diminish the influence of 100 

species-rich groups. 101 
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 I also examined the relationships between NPP and the percentage of endemic species with 102 

restricted geographic distributions (occurring in four or fewer grid cells) and the percentage of 103 

threatened species (those listed nationally as endangered or vulnerable under the Australian 104 

Environment Protection and Biodiversity Conservation Act 1999) in each grid cell. Positive 105 

associations between NPP and these groups strengthen the argument for the conservation of 106 

productive regions.  107 

Human population density was obtained from the 2001 census. A map of census boundaries 108 

was overlaid with the 1º grid using ARC/GIS© 8.0 Geographic Information System (Environmental 109 

Systems Research Institute, 2000) and population density per ha was calculated for each grid cell 110 

using a weighted average. NPP data were obtained from the Australian Natural Resources Data 111 

Library (http://data.brs. gov.au/asdd/metadata_files/nppabr9cl__01611a.xml) and are model-based 112 

estimates of NPP (presented in tonnes of carbon per ha (tC ha-1) and averaged across each grid cell).  113 

Current land-use data and classifications were also obtained from the Australian Natural 114 

Resources Data Library (http://data.brs.gov.au/asdd/metadata _files/luas_r9ab__00311a.xml) and 115 

are based on a 5 km grid cell size. There were initially 23 land-use classes. However, extent of land 116 

use for many of these is insubstantial. Therefore, each class was assigned to one of five broad land-117 

use categories: intensive agriculture (including cropping, grazing of modified pastures and 118 

horticulture); minimal use (including managed resource protection, nature conservation and 119 

Indigenous lands); livestock grazing (including grazing of native vegetation); forestry (including 120 

farm forestry and plantations); and built environment (including residential and transport). The map 121 

of land-use categories was overlaid with the 1º grid using ARC/GIS© and the percentage of each 122 

category in each grid cell was calculated.  123 

To further explore the relationships between human population density, NPP and 124 

conservation, I determined correlations between humans, productivity and the size of Australia’s 125 

National Parks (IUCN categories Ia, Ib and II – V). Previous studies have found that small parks 126 

occur most commonly in areas of high human density (Brashares et al., 2001; Harcourt et al., 2001; 127 
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Parks & Harcourt, 2002; Vázquez & Gaston, in press), although the relationship with NPP has, to 128 

my knowledge, not been explored. Data on the size and location of National Parks were obtained 129 

from the Collaborative Australian Protected Areas Database (CAPAD; http://www.deh.gov.au/ 130 

parks/nrs/capad/index.html). Marine, island and estuarine parks were excluded. I also excluded 131 

parks with the following words in their name (following Parks & Harcourt, 2002) because they 132 

could not be completely surrounded by humans: bay, cape, gulf, cove, harbour, inlet, coast, beach 133 

and promontory (including these parks in the analyses does not change the qualitative results or 134 

conclusions of the study).  135 

 Contiguous parks were merged into a single area using ARC/GIS©. That is, parks that are 136 

divided by management boundaries that have no relationship to the contiguity of protected native 137 

vegetation had the boundary removed so that a single continuous area remained. The size of this 138 

‘new’ protected area is a more meaningful representation of the resources available to associated 139 

species than park areas defined by management boundaries (Parks & Harcourt, 2002). After 140 

exclusion and merging of parks the total sample size was 387 protected areas.  141 

To calculate human population density surrounding each park, the buffer function in 142 

ARC/GIS© was used to delineate a 50 km wide zone around each reserve. Human population 143 

density per ha was then calculated within this zone using the census data (see above). A 50 km 144 

buffer was chosen so the results of this study could be compared with previous research using the 145 

same buffer distance (Brashares et al., 2001; Harcourt et al., 2001; Parks & Harcourt, 2002; 146 

Vázquez & Gaston, in press). I also calculated the mean NPP for each park (sampling grain was 4 147 

km2) and correlated this with park size to determine if high productivity parks were mostly small.  148 

Correlations between human development and species richness and NPP do not identify the 149 

extent of spatial conflict between these variables (Diniz-Filho et al., 2006; O’Dea et al., 2006). 150 

There are still likely to be areas of relatively low human population density that are species rich and 151 

productive, or selection of complementary sites across a region may capture the majority of regional 152 

species richness while avoiding conflict even if each individual site is not particularly species rich. 153 
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For example, using a complementarity approach based on this dataset, Luck et al. (2004) found that 154 

representation of all species at least once was possible while largely avoiding areas of high human 155 

population density (in the top decile).  156 

In the current study, I extended the work of Luck et al. (2004) and examined the 157 

implications of NPP-species-human relationships for regional conservation. First, I assessed the 158 

opportunities that exist for protecting highly productive sites in areas of low population density by 159 

determining the percentage of cells in each NPP quartile occurring in each population density 160 

quartile (i.e. what proportion of cells have high NPP and low population density). Second, using the 161 

data from Luck et al. (2004; see this paper for details of the complementarity analysis), I 162 

determined how avoidance of areas of high human population density compromised the selection of 163 

areas of high NPP for conservation within a minimum set of selected cells that met the baseline goal 164 

of each species represented at least once.   165 

This was achieved by comparing two sets of cells for each taxonomic group (i.e. a total of 166 

six sets; each set represents an ‘optimum’ solution after 1,000,000 iterations and 10 runs of the 167 

simulated annealing algorithm). In set one, cell acquisition was unrestricted, and in set two, 168 

acquisition was restricted by avoiding high human population density cells where possible.  For 169 

these two sets, I compared the proportion of selected cells in each quartile of NPP and also the 170 

extent of minimal land use in the set where high human population density was avoided. These 171 

analyses aimed to explore the extent of opportunities for conservation of productive sites across a 172 

region. However, this is a preliminary assessment at best; more comprehensive analyses are 173 

required to guide on-ground management, but these were beyond the scope of the current study.   174 

 175 

Data handling and analyses 176 

The following transformations were conducted to normalise the distribution of the data: 177 

human population density and bird species richness were square-root transformed; and NPP, and 178 

total species richness and the richness of mammal, butterfly, restricted and threatened species were 179 
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log10 transformed. I initially determined Spearman rank correlations between NPP and human 180 

population density, the species richness of each taxonomic group, all taxa combined, and percent 181 

threatened and restricted species to get a general idea of the nature of the relationship between these 182 

variables. Correlations between human population density and species richness have been reported 183 

for this dataset elsewhere (Luck et al., 2004). Second, I determined the form of the relationship 184 

between NPP and each variable using univariate regressions. I compared the fit of linear and 185 

curvilinear (quadratic) models using r2.  Even after transformation, the data for human population 186 

density and percent threatened and restricted species were not suited to analyses by univariate 187 

regressions or spatial models (because of the large number of cells with very low values).  188 

Because grid cells are contiguous, data used in this study are likely to be spatially 189 

autocorrelated. I determined spatial autocorrelation using the Moran statistic without assuming a 190 

particular distribution for the data and with the variance calculated using randomisations (10,000 191 

permutations; Kaluzny et al., 1998). All variables were spatially autocorrelated (P < 0.001). 192 

Therefore, to determine if a relationship still existed between NPP and the other variables once the 193 

spatial structure in the data had been considered, I conducted spatial regressions that accounted for 194 

the autocorrelation using S+ Spatial Stats (Kaluzny et al., 1998). This approach fits models with 195 

spatial dependence using generalized least squares regression. I compared the fit of linear and 196 

quadratic terms using changes in Log-likelihood and the likelihood ratio test.   197 

To examine changes in land use with NPP and human population density, I initially 198 

calculated Spearman rank correlations after log10 transformation of the land-use categories. For the 199 

broad categories used in this study, intensive agriculture, livestock grazing and minimal use were 200 

the most common across Australia. To explore their relationship with NPP and human population 201 

density further, I split NPP and population data into quartiles and calculated the percentage of each 202 

of these land-use categories in the 1st (lowest 25% of NPP and population density values) to 4th 203 

quartile (highest 25%).    204 
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National Park area and human population density in each 50 km buffer were log10 205 

transformed prior to analysis. Least-squares regression was used to compare park area with human 206 

population density and mean NPP. Data screening and assessment of residuals indicated that this 207 

was an appropriate method. Inclusion of a quadratic term did not substantially improve model fit.   208 

 209 

RESULTS 210 

NPP-species-humans 211 

NPP is positively correlated with almost all variables across mainland Australia (Fig. 1). A 212 

particularly strong correlation occurs between NPP and human population density (rs = 0.783, n = 213 

683), although the data are heavily skewed towards lower values. The strongest correlation for a 214 

taxonomic group is between NPP and butterflies (Fig. 1d).  215 

NPP and endemic, geographically restricted species are also positively correlated indicating 216 

that productive regions contain a higher proportion of such species (rs = 0.343, n = 683). Indeed, 217 

restricted species are confined almost entirely to the more productive regions (Fig. 1f). Only 11.6% 218 

of the 683 cells contain restricted species. These cells are characterised by a mean NPP of 2.7 tC ha-219 

1 (S.E. ± 0.21; 95% confidence intervals (C.I.) 2.23 – 3.09) whereas cells without restricted species 220 

(which occur across the spectrum of productivity values) have a mean NPP of 0.99 tC ha-1 (± 0.05; 221 

C.I. 0.89 – 1.09). These results are consistent for each taxonomic group (NPP:birds, rs = 0.201; 222 

butterflies, rs = 0.225; mammals, rs = 0.243).  223 

There is no relationship between NPP and combined threatened species (Fig. 1g), however 224 

the result varies between groups. NPP is positively correlated with threatened birds (rs = 0.433), but 225 

negatively correlated with threatened mammals (rs = -0.254; there are no threatened butterflies in 226 

the database).  227 

The form of the relationship between NPP and the dependent variables is best explained by 228 

a curvilinear (quadratic) model in all cases (Table 1). Visual inspection of the scatterplot suggests a 229 

strongly curvilinear relationship for the human population density data also (Fig. 1a). Moreover, 230 
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there is still a significant relationship between NPP and the dependent variables given the spatial 231 

structure of the data (Table 2), although, in each case the strength of the association (measured 232 

using rho) is substantially weakened compared to non-spatial models. The fit of spatial models is 233 

improved by including a quadratic term (Table 2).  234 

Biased sampling effort may confound interpretations of NPP-species-human relationships if 235 

effort is positively related to factors such as human population density. Birds are the only 236 

taxonomic group used in this study for which data on sampling effort are available. Sampling effort 237 

for birds is indeed correlated with human population density (rs = 0.583; this result differs from 238 

Luck et al., 2004 owing to the updating of the bird database and exclusion of a higher number of 239 

coastal cells) and subsequently, NPP (rs = 0.587). After controlling for sampling effort with partial 240 

correlations, NPP and bird species richness are still correlated, although the coefficient is 241 

substantially reduced (r = 0.370, n = 680).  242 

 243 

NPP-humans-land use 244 

The percentage of land used for forestry and built environment in Australia is relatively 245 

small. Mean and median values for forestry are 1.8% (± 0.23) and 0%, respectively, and for built 246 

environment, 0.5% (± 0.02) and 0%. Yet, the percent cover of these land-use categories is strongly 247 

positively correlated with NPP (NPP:forestry, rs = 0.663; NPP:built environment, rs = 0.517) and 248 

human population density (density:forestry, rs = 0.657; density:built environment, rs = 0.558). 249 

Generally, these land uses only occur in areas of high NPP and/or high human population density.  250 

Minimal use and livestock grazing dominate the broad land-use categories presented in this 251 

study. Minimal use has a weak negative correlation with NPP (rs = -0.167) while livestock grazing 252 

shows no relationship (rs = -0.043). A similar result is found for correlations with human population 253 

density (density:minimal use, rs = -0.247; density:livestock grazing, rs = 0.010). However, intensive 254 

agriculture (including cropping, grazing modified pastures and horticulture) is strongly correlated 255 
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with NPP (rs = 0.775) and human population density (rs = 0.716) indicating that this land use is 256 

largely confined to productive landscapes near human settlements.  257 

The examination of the percentage of each land-use category in each quartile of NPP and 258 

human population density reinforces the above trends. Most importantly, the percentage of land 259 

designated as minimal use declines substantially from the 1st (lowest) to 4th (highest) quartiles for 260 

both NPP and population density (Fig. 2a and b). For the 1st quartile, cover ranges from 46-49%, 261 

whereas it is reduced to just 16% for the 4th quartile. This suggests that landscapes high in NPP are 262 

primarily used for some form of agricultural production. Indeed, intensive agriculture is confined 263 

almost entirely to the 3rd and 4th quartiles of NPP and population density, while livestock grazing is 264 

common in all quartiles ranging from 48% cover in the 1st quartile of human population density to 265 

70% in the 3rd quartile of NPP (Fig. 2a and b).    266 

 267 

NPP-humans-protected areas 268 

There is a strong negative relationship between park area and surrounding human population 269 

density (Fig. 3a). Small parks are mostly located in areas of high density. The relationship between 270 

park area and mean NPP is also negative (Fig. 3b): large parks are characterised by low 271 

productivity.  272 

 273 

NPP-regional conservation 274 

 No cells occur in both the highest quartile of NPP and the two lowest quartiles of human 275 

population density (Fig. 4a). That is, there are no highly productive areas occurring in the most 276 

sparsely populated regions within this dataset. However, 10% of the 683 cells occur in the 3rd 277 

quartile of NPP and the bottom half of population density quartiles indicating some options for 278 

conserving relatively productive areas with low population density. Although, managing these areas 279 

for conservation will be challenging since 71% of the 68 cells have less than 25% of their area 280 

classified as minimal use.  281 
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 Meeting the most basic of representation goals (i.e. all species represented at least once in a 282 

minimum set of cells) while avoiding the most densely populated regions, where possible, did not 283 

substantially compromise the inclusion of productive areas in the set of selected cells.   For 284 

example, when site selection is unrestricted, 50% of cells representing all birds also occur in the 285 

highest quartile of NPP, while this drops to 43% when site selection is restricted to avoiding areas 286 

of high human population density. Similar results are recorded for butterflies and mammals (Fig. 287 

4b). However, when high human density is avoided options for conservation are limited without 288 

substantial change in land management, as land area is characterised by less than 25% minimal use 289 

in 42% (butterflies) to 68% (birds) of cells in the representative set.    290 

 291 

DISCUSSION 292 

NPP, human settlements and species richness 293 

There are strong, positive relationships between NPP, human population density and species 294 

richness across Australia. The results of this study concur with previous findings (Balmford et al., 295 

2001; Chown et al., 2003; Evans & Gaston, 2005; Vázquez & Gaston, in press), which collectively 296 

provide convincing evidence in support of the ‘people-energy’ hypothesis: human population 297 

density increases with available energy. It seems the form of the relationship is at least curvilinear 298 

and possibly quadratic (Fig. 1a; Balmford et al., 2001; Vázquez & Gaston, in press; although see 299 

Evans & Gaston (2005) who use temperature as a measure of energy availability). Human 300 

population density increases rapidly from low to mid-range values of NPP, levels out at mid to high 301 

values and may exhibit a decline phase at very high values (Balmford et al., 2001), but further data 302 

are required to confirm this.  303 

Evidence is mounting that species diversity and human population traits (e.g. cultural 304 

diversity) share similar spatial patterns (Mace & Pagel, 1995; Collard & Foley, 2002; Moore et al., 305 

2002; Sutherland, 2003). The people-energy relationship leads to spatial congruence between 306 

humans and the alpha diversity of many taxonomic groups owing to the strong association between 307 
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energy and species richness. Such correlations are cause for concern. There are good reasons to 308 

conserve local, productive, species rich systems including ensuring that local human communities 309 

have access to a broad range of ecosystem goods and services (Luck et al., 2003), the contribution 310 

that species richness makes to ecosystem stability (although the evidence for this is ambiguous: see 311 

McCann, 2000; Srivastava & Vellend, 2005) and the potential for it to provide insurance against 312 

dramatic changes in ecosystem functioning (Yachi & Loreau, 1999), and the fact that diverse 313 

systems may be more resilient to invasion (Fargione & Tilman, 2005). 314 

Correlations between human population density and alpha diversity do not indicate the 315 

degree of spatial conflict between development and regional conservation, where complementarity 316 

approaches are much more appropriate (Margules & Pressey 2000; Diniz-Filho et al., 2006; see 317 

below). Nevertheless, a comprehensive conservation policy should consider the implications of 318 

relationships occurring at all levels.  319 

Why do people preferentially settle in areas of high NPP? Huston (2005) proposed three 320 

phases of human development that influence population distribution in relation to productivity. The 321 

first phase (agrarian) is dominated by the reliance of humans on local agricultural production. This 322 

is manifested in a strong link between human population density and NPP. The second phase 323 

(industrial) sees a weakening of the link between population distribution and local productivity, as 324 

the growth in rapid and efficient transportation networks allows people to live in areas remote from 325 

food production centres (although development may still occur in regions of relatively high NPP). 326 

The third phase (communication/information) is characterised by complex communication networks 327 

and the rapid transfer of information allowing settlement patterns to be relatively free of local 328 

environmental constraints.  329 

Australia is a highly developed country, yet there is still a strong connection between NPP 330 

and human population distribution, which is somewhat at odds to the ideas of Huston (2005; 331 

although he recognises that the distribution of highly developed populations may still be 332 

constrained by access to local food and water supplies or strong transportation networks).  It seems 333 
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reasonable to expect that human populations completely dependent on their local environment 334 

would be attracted to highly productive areas, particularly those with low seasonal or year-to-year 335 

variability in NPP. This would have been the case for early European settlers in Australia. Factors 336 

such as availability of fresh water, moderate climate, topography, soil fertility and solar radiation 337 

(important for growing food) indirectly or directly influence settlement patterns (van Rensburg et 338 

al., 2004; Haberl et al., 2004b) and some of these factors (e.g. climate, water, solar radiation) exert 339 

substantial influence on the overall NPP of an area. In Australia, these early settlements have grown 340 

into major cities and towns leading to current population density being highest in the areas settled 341 

by the first Europeans and mirroring settlement patterns in other countries (e.g. Vázquez & Gaston, 342 

in press).  343 

A trend of disconnection between NPP and population distribution is still not evident in 344 

Australia, although I have no data on population trends over time (i.e. the NPP-people association 345 

may have been even stronger in Australia’s early years of development).  A more important issue is 346 

future changes in human population distribution. There is some evidence to suggest that settlement 347 

patterns and regional population growth are becoming increasingly influenced by the presence of 348 

natural amenities (e.g. waterfronts and forest cover; see Hansen et al., 2002 and references therein). 349 

In Australia, the largest population growth outside of capital cites is in coastal regions 350 

(www.abs.gov.au; note: almost all capital cities are also on the coast). Population density and 351 

growth are particularly high on the east coast, a region of high productivity and species richness. 352 

Attraction to natural and constructed amenities, lifestyle choice and current population distribution 353 

are likely to influence future settlement patterns. In Australia, this will only exacerbate the current 354 

situation by increasing human pressure on productive, diverse ecosystems.  355 

 356 

Land-use patterns 357 

NPP is strongly correlated with intensive land use indicating that human settlements and 358 

associated development are confined mostly to productive areas. Results from the USA show that 359 
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many urban areas are built on the most productive agricultural soils displacing agriculture to more 360 

marginal regions (Imhoff et al., 1997). This is likely to be the case in Australia, although there is 361 

still a strong association between NPP and intensive agriculture (Fig. 2a). It is important to note 362 

here that some areas with high NPP may not be suitable for certain types of agriculture because of 363 

poor soils (e.g. some tropical regions). 364 

Considering the substantial land area used for agriculture both in Australia and globally, and 365 

the importance of agriculture to the future of humanity, it is crucial to understand the broad 366 

management issues facing agricultural landscapes and the juxtaposition between human settlements, 367 

agriculture and conservation. For example, Drechsel et al. (2001) found that in sub-Saharan Africa, 368 

soil nutrient depletion increased in agricultural areas with increasing human population density. 369 

Therefore, the positive relationship between population density and intensive agriculture recorded 370 

in my study may have adverse consequences for agricultural productivity in Australia. Scharlemann 371 

et al. (2004) found that, globally, the proportion of land used for agriculture is greater in areas of 372 

high biological value (i.e. Endemic Bird Areas) than the rest of the world, and that the expansion of 373 

agriculture has been concentrated in these regions. Hence, the encroachment of human settlements 374 

into productive agricultural landscapes may magnify the expansion of agriculture, which itself is 375 

most prevalent in biologically valuable regions.  376 

Conversion of natural ecosystems to other land uses has significant consequences for 377 

landscape productivity. For example, Milesi et al. (2003) and Imhoff et al. (2004a) showed that 378 

urban development generally decreases NPP compared to land uses such as agriculture. However, 379 

human land use can either increase (e.g. irrigated agriculture in semi-arid regions) or decrease NPP 380 

(Willams et al., 2005), but have varying consequences for native species independent of changes in 381 

productivity. Therefore, a narrow focus on only NPP when assessing the implications of land-use 382 

change for conservation is unwarranted. Landscapes with high NPP, but without suitable habitat 383 

structures or habitat heterogeneity are likely to support fewer species (Kerr & Packer, 1997).     384 

 385 
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Protected areas and regional conservation 386 

From a conservation perspective, the most crucial issue addressed in this study is the 387 

distribution of protected areas in relation to human population density and NPP. My results concur 388 

with previous findings (Brashares et al., 2001; Harcourt et al., 2001; Parks & Harcourt, 2002; 389 

Vázquez & Gaston, in press): small parks are surrounded by higher human population densities than 390 

larger parks. These areas are subject to what Harcourt et al. (2001) call ‘double jeopardy’. Small 391 

reserves are already at risk of losing species because of their size and this is compounded by the fact 392 

that these reserves are often located in regions of high human pressure, which can increase the 393 

threat of extinction (Brashares et al., 2001; Parks & Harcourt, 2002). Considering the correlation 394 

between human population density and the richness of introduced species (McKinney, 2001; Silva 395 

& Smith, 2004; Evans et al., 2005) one could also suggest that the threat of invasion by exotics is 396 

greatest for small parks surrounded by human development. Given these relationships it is 397 

reasonable to predict that the extinction rate of native species should be highest in small parks in 398 

developed areas. Unfortunately, testing this hypothesis was beyond the scope of the current study, 399 

but it needs to be addressed in future research.  400 

The fact that dense human settlement is associated with smaller areas being set aside for 401 

conservation is not unexpected. Yet, it highlights the need for effective management strategies in 402 

these areas that reduce the impacts of adjacent land uses. The extent and type of management 403 

required can be related to the level of threat from surrounding land uses and the ‘value’ of the park 404 

itself (e.g. productivity, capability to provide ecosystem goods and services or contribution to a 405 

regional conservation strategy). In these circumstances, park protection may require substantial 406 

management of activities occurring outside the park. 407 

Australia’s largest National Parks are mostly in areas of low productivity (exceptions 408 

include, for example, Kosciuszko, which has an average NPP of over 5 tC ha-1). This result concurs 409 

with previous studies from Australia and elsewhere that show that lands designated for conservation 410 

are often not suitable for other human enterprises (e.g. agriculture or other commercial 411 
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development) and are, from an anthropocentric viewpoint, ‘worthless’ (Runte, 1979; Rebelo & 412 

Siegfried, 1992; Pressey, 1994, 1995). Owing to the NPP-species richness relationship, this means 413 

that the extent of protection for native species is greatest in areas that contain the lowest alpha 414 

diversity (at least for the taxonomic groups included in my study).  415 

The largely unequivocal trend of decreasing park size with increasing NPP represents a 416 

threat to conservation, but the value of small parks should not be underestimated. Many small parks 417 

have high NPP potentially making them valuable reservoirs of high species richness. These parks 418 

are often located in areas of dense human populations. Although this means they are subject to 419 

substantial external threats, with appropriate management they may offer opportunities for greater 420 

interaction between people and a wide array of native species. This is extremely important 421 

considering the trend of disengagement between people and nature occurring in many urban areas 422 

(Turner et al., 2004).   423 

The complementarity analyses demonstrated that there are few available opportunities for 424 

large-scale conservation in highly productive areas with relatively low human population density. 425 

While avoiding areas with the highest population densities still captured a relatively large 426 

percentage of sites with high NPP in the representative set for each taxonomic group, these sites did 427 

not occur in the most sparsely populated regions. Moreover, most areas have been substantially 428 

converted to production-based land uses. Ultimately, successful conservation strategies must 429 

address spatial conflicts with human development and certain conservation goals will only be met 430 

with appropriate management of developed regions.  431 

 432 

Conclusions 433 

The results of my analyses are dependent on the choice of spatial extent and grain size. Only 434 

a few studies address this issue directly. For example, Chown et al. (2003) found that the positive 435 

relationship between bird species richness and human population density was stronger as grain size 436 

was increased from quarter to half to one degree grid cells. Such a result is expected given that large 437 
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grain sizes are more likely to encompass both species rich and heavily populated regions (although 438 

the pattern is not always supported; see for example, Kok (2004)). The crucial question is what is 439 

the most appropriate grain size for analysis? I argue that it is important to use a grain size that has, 440 

on average, the potential to incorporate both human settlements and adjacent conservation areas 441 

because the impact of humans is not confined within settlement boundaries. The species richness-442 

NPP results are dependent on the taxonomic groups chosen for assessment. For example, there is no 443 

relationship between reptile species richness and human population density or NPP because of the 444 

high number of reptile species in arid Australia (Luck et al., 2004; unpubl. data). 445 

Species richness is only one aspect of biodiversity (which also includes, for example, 446 

genetic and ecosystem diversity) and its use as the sole metric to inform conservation planning is 447 

extremely limited (Fleishman et al., in press). However, the conservation of species rich areas is 448 

still an important component of any comprehensive conservation strategy (see above). Further work 449 

in this area should focus on the relationships between human population density, NPP and 450 

functional diversity to determine in more detail the implications of variation in the former for 451 

ecosystem function.   452 

NPP is well established in the literature as a surrogate for local species richness, although its 453 

relationship with beta-diversity and other measures of biodiversity is poorly known. Owing to 454 

problems with accurately measuring species richness, surrogate approaches that measure the 455 

diversity of other landscape components (e.g. number of vegetation types) assumed to correlate 456 

with species richness are often used (Fleishman et al., in press). Although the contribution of sites 457 

with high NPP to strategies aimed at protecting the broadest range of biodiversity across regions is 458 

yet to be determined, capturing such sites in the conservation reserve system ensures protection of 459 

areas that have the capacity to support many species now and in the future.  460 

There are limited options for conserving additional, large tracts of land in areas of high NPP 461 

and human population density across Australia. While expansion of current reserves may be 462 

possible, managing the external threats to reserves from surrounding land uses is a key issue. A 463 
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reserve-centric approach is one way (e.g. creating buffers around reserves or increasing the 464 

resources spent on invasive species control). Another is to alter the nature of the threat. Where the 465 

threat originates from human dynamics, the latter is difficult to achieve if it involves substantial 466 

changes in the behaviour of society. Moreover, the spatial distribution of human impact 467 

(represented here by the surrogate human population density) is unlikely to alter substantially in 468 

most developed (and some developing) countries in the near future.  469 

Human impact on the environment is a factor of per capita consumption (including the 470 

products consumed and the means used to procure those products) and population size. If, as I argue 471 

above, substantial reduction in consumption by humans in the near future is unlikely, alternative 472 

avenues to reduce impact must be considered. One alternative is to stabilise population size 473 

(although this alone is not a silver bullet and must be implemented in a cohesive policy that also 474 

addresses resource consumption). There are barriers to achieving this goal, but the ability to 475 

stabilise population size is well within the grasp of many developed countries. For example, 476 

Australia’s total fertility rate has been below replacement level (2.1) for the last 25 years 477 

(www.abs.gov.au). Population growth is a result of demographic momentum and immigration. A 478 

policy of zero net migration (where annual immigration equals annual emigration) would see 479 

Australia’s population stabilise in two to three decades. Considering that the spatial congruence 480 

between people, productivity and species richness is so pervasive, controlling population for the 481 

sake of conservation is an option that shouldn’t be ignored.     482 
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Table 1. The relationship between NPP and the various dependent variables comparing the fit of 

linear and curvilinear (quadratic) models (P values are not presented as the data are spatially 

autocorrelated; data for human population density and percent threatened and restricted species 

were not suitable for this analysis).  

 

Dependent variable: NPP Linear Curvilinear 
(quadratic) 

Total species richness r2 = 0.560 r2 = 0.647 

Bird species richness r2 = 0.444 r2 = 0.534 

Butterfly species richness r2 = 0.651 r2 = 0.723 

Mammal species richness r2 = 0.284 r2 = 0.356 
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Table 2. Results of the spatial regression models assessing the relationship between NPP and the 

dependent variables. Models including a quadratic term provided a significantly better fit as 

determined by the likelihood ratio test. All t and likelihood values (distributed as 2χ with df = 1) are 

significant at P < 0.001 (data for human population density and percent threatened and restricted 

species were not suitable for this analysis).  

 
 

Dependent variable: 
NPP 

Linear Quadratic Likelihood 
ratio test 

Total species 
richness 

t = 11.59, rho = 0.117 t = 8.76, rho = 0.167 2χ = 109.08 

Bird species richness t = 11.98, rho = 0.099 t = 4.90, rho = 0.153 2χ = 155.54 

Butterfly species 
richness 

t = 20.90, rho = 0.105 t = 10.09, rho = 0.126 2χ = 190.04 

Mammal species 
richness 

t = 11.24, rho = 0.123 t = 9.48, rho = 0.140 2χ = 63.21 
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Figure 1. The relationship between log10 NPP and: a) square-root human population density ha-1; b) 

log10 total species richness (weighted index – see methods); c) square-root bird species richness; d) 

log10 butterfly species richness; e) log10 mammal species richness; f) log10 restricted species 

richness; and g) log10 threatened species richness. Sample grain is 1° grid squares (n = 683). 

 
Figure 2. The percent cover of land designated as minimal use, livestock grazing or intensive 

agriculture in each quartile of: a) NPP; and b) human population density. The 1st quartile is the 

lowest 25% of NPP and density values, respectively, and the 4th quartile is the highest 25%.  

Sample grain is 1° grid squares (n = 683). Error bars show ± 1 S.E. 

 
Figure 3. Results of least-squares regression for log10 park area and: a) log10 human population 

density ha-1 (F = 153.62, P < 0.001); and b) mean net primary productivity (F = 103.81, P < 0.001). 

Line of best fit and 95% confidence intervals are shown. Sample grain is National Parks (including 

merged parks – see methods) and surrounding 50 km buffers (n = 387).  

 

Figure 4. a) The percentage of the 683 cells that occur in both the 3rd and 4th quartiles of NPP and 

the 1st to 4th quartiles of human population density. b) The percentage of cells in each minimum set 

chosen by the simulated annealing algorithm that also occurred in the 4th quartile of NPP when cell 

selection was unrestricted and restricted (i.e. avoiding cells of high human population density where 

possible).  



Fig. 1 
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Fig. 2. 
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Fig. 3.  
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Fig. 4. 
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