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Abstract

:

Accelerations in population growth and urban expansion are transforming landscapes worldwide and represent a major sustainability challenge. In the United States, land conversion to impervious surfaces has outpaced population increases, yet there are few spatial metrics of urbanization and per capita land change available nationwide for assessing local to regional trends in human footprint. We quantified changes (2000–2010) in housing density, imperviousness, per capita land consumption, and land-use efficiency for block groups of the contiguous U.S. and examined national patterns and variation in these metrics along the urban–rural gradient and by megaregion. Growth in housing (+13.6%) and impervious development (+10.7%) resulted in losses of rural lands, primarily due to exurbanization and suburbanization. Mean per capita consumption increased in all density classes but was over 8.5 times greater in rural lands than in exurban, suburban, and urban areas. Urban and suburban areas had significantly lower mean consumption, yet change was unsustainable in 60% of these areas. Megaregions across the sprawling Sun Belt, spanning from Arizona to North Carolina, grew most unsustainably, especially compared to regions in the Pacific Northwest and Front Range. This work establishes 21st-century benchmarks that decision-makers can use to track local and regional per capita land change and sustainable growth in the U.S.; however, these metrics of the form, extent, rate, and efficiency of urbanization can be applied anywhere concurrent built-up area and population data are available over time. Our web mapping application allows anyone to explore spatial and temporal trends in human footprint and download metrics, and it is designed to be easily updatable with future releases of validated developed land cover, protected areas, and decennial Census data.
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1. Introduction


Accelerations in population growth and urban expansion are transforming regional landscapes worldwide and represent a major global sustainability challenge. The number and extent of urbanizing areas worldwide are greater than ever [1,2,3], and by 2050, 70% of the world’s population is projected to live in urban areas [3]. Land changes due to rapid urban expansion impact local and regional biodiversity [4,5,6,7], hydrology and water quality [8,9], biogeochemistry [10], and climate [11,12,13,14] through increased landscape fragmentation [15] and wholesale replacement of natural and working lands with impervious surfaces. Associated losses of agricultural lands and open space may threaten food security [16] and public health [17,18]. Historical growth in the global urban footprint and its impacts are well documented [19,20,21,22], and urbanization is increasingly recognized as a driver of environmental and socioeconomic changes beyond the urban fringe, including rural and exurban lands, through urban land teleconnections [23,24]. Wildlands and parks and protected areas in the U.S. are now experiencing environmental changes associated with nearby housing growth and impervious development [25,26,27,28]. The far-reaching impacts of urbanization have arguably existential implications for global environmental change, ecosystem health and services, and human wellbeing as urban areas worldwide are projected to grow faster than their populations this century [6,13,16,29]. New knowledge of how (i.e., form, rate) and where (i.e., extent, pattern) we develop is critical [30] to inform, plan for, and approach sustainable development in the 21st century.



Urbanization is a complex phenomenon with characteristics that are best analyzed in multiple dimensions and at multiple scales [31,32,33]. Seto et al. [2], for example, examined changes in the scale, location, rate of change, form, and function of different urbanizing areas of the world. Among their conclusions, they affirmed that urban form, scale (extent), and rate of change are fundamental characteristics of urbanization, and understanding the manner in which these factors interact to produce development patterns holds great promise for managing growth and approaching sustainability [2,6]. They also found that 21st-century urbanization is more rapid and expansive than in previous centuries [2]. For many regions worldwide, urban land expansion has outpaced population growth, resulting in sprawling development patterns that challenge urban and regional planning and landscape conservation [19,20,21,22]. A direct consequence of urban development is the permanent replacement of farmlands, forests, and other natural areas with impervious surfaces, including road infrastructure [10,34,35]. Mapping and quantifying impervious surfaces have become more accurate with advancements in Earth observation data and methods [20,22,36,37], and impervious surfaces have long been recognized as an effective environmental quality indicator [38,39,40,41]. For example, Sutton et al. [42] demonstrated a strong correlation between satellite image-based estimates of constructed area per person for over 140 countries and more complex ecological footprint indices (e.g., global hectares/person) that require disparate data on national resource consumption and production, carbon emissions, and area changes for six land uses. Moreover, international calls for more sustainable growth in the urban millennium identify per capita land consumption and land-use efficiency as key metrics of sustainable urbanization (see United Nations 2030 Sustainable Development Goals—Sustainable Cities and Communities Goal 11) [3,43].



In the United States, rapid sprawl development throughout the 20th century led to some of the largest increases in total urban extent among developed nations [17,21,44,45] and placed the U.S. among top countries worldwide for per capita impervious surface area at the turn of the century [42,46]. Yet, even with heightened global awareness of the need for more sustainable urbanization, in the U.S., there remains few consistent, nationwide metrics for tracking local and regional trends of per capita land change and sustainable development in the 21st century. Researchers have combined Census population and housing data with remotely sensed land change products to measure and predict, for example, the expansion and effects of exurban development in rural and agricultural lands [47,48,49] and in the wildland–urban interface (WUI) [50,51]. Heris [52] combined housing counts from the 2000 and 2010 Censuses with data from the National Land Cover Database (NLCD) to map urban housing density for the 50 largest U.S. metropolitan areas and compare growth patterns across cities and settlement types. More recently, Radeloff et al. [53] conducted an assessment of housing density change and wildfire risk within the WUI using Census block data between 1990 and 2010, and Vukomanovic et al. [27] assessed changes in both housing density and percent impervious cover between 1990 and 2010 for block groups surrounding all federal parks and protected areas. A few studies have examined per capita land consumption for select U.S. cities or states [54,55,56], and the EnviroAtlas [57] reports per capita impervious surface for select U.S. cities in 2010. One nationwide study assessed county-level patterns of per capita developed land consumption in 2000 [58]. To date, however, no study has examined 21st-century changes in per capita land consumption and land-use efficiency resolved to all block groups of the contiguous U.S.



To help address this gap, we describe spatial and temporal trends (2000–2010) of urbanization and per capita land change across the conterminous United States by combining three publicly available, nationwide datasets: Decennial Census population and housing data for block groups (2000, 2010), the National Land Cover Database (NLCD) imperviousness data (2001, 2011) [59,60], and the Protected Areas Database of the United States (PAD-US) [61]. We analyzed (a) changes in housing growth and impervious surfaces in low-density rural and exurban lands compared to medium- and higher-density suburban and urban settings, (b) the extent to which per capita land consumption varies by housing density level (urban, suburban, exurban, rural) and regionally, and (c) spatial patterns and variation in the relative sustainability of megaregion growth. We assessed megaregions using multiple metrics of human footprint, including housing density, percent impervious development, per capita land consumption, and the United Nations Sustainable Development Goals (UN-SDGs) land-use efficiency indicator [43].



To our knowledge, this is the first nationwide assessment of 21st-century trends of per capita land change resolved to all block groups, and the first application of the UN-SDGs efficiency indicator across all metropolitan and micropolitan statistical areas (i.e., Census urbanized areas, urban clusters, suburban areas, and peripheries) of the contiguous U.S. Our composite scores and ranking of the trajectories of megaregion growth highlight the potential for multidimensional approaches to assess variation in sustainable development across rapidly urbanizing regions and demonstrate how measuring human footprint by any single metric can lead to very different conclusions. We share our data and metrics through an interactive, online mapping application (go.ncsu.edu/us-human-footprint, (accessed on 3 August 2021)) that anyone can use to explore spatial and temporal trends in housing density, impervious development, per capita land consumption, and land-use efficiency across the urban–rural gradient of the U.S. Our application (find source code and associated files at github.com/ncsu-cga/HumanFootprint, (accessed on 3 August 2021)) is also designed to be easily updated with future releases of validated developed land cover and detailed Census population and housing data. Our analysis of over 215,000 block groups in 2000 and 2010 establishes 21st-century benchmark metrics that land-use planners, natural resource managers, and other decision-makers can use to track and compare local to regional scale trends of urbanization and per capita land change in the U.S. However, similar analyses of the form, extent, rate, and efficiency of urbanization can be undertaken in other urbanizing regions of the world and at different scales where concurrent population data and built-up area measurements are available or can be estimated over time.




2. Materials and Methods


2.1. Data Sources and Characteristics


We developed fine-scale metrics of human footprint using three foundational, public datasets (Figure 1a): (1) population and housing unit counts for 215,836 block groups from two decennial Censuses (2000, 2010) [62], (2) locations of public parks and protected open spaces from the Protected Areas Database of the United States (PAD-US) [61], and (3) percent developed imperviousness data from the National Land Cover Database’s (NLCD) 2001 and 2011 products [59,60].



Census “block groups” are spatially contiguous groups of census “blocks” delineated statistically to account for minimums of approximately 600 people and 250 housing units per block group [63]. While Census “blocks” are the smallest and most numerous units (over 11 million in the 2010 Census) for which the U.S. Census collects and tabulates data, one-third of blocks contained no population in 2010, and the areas of a substantial proportion of blocks are below the minimum mapping unit for NLCD land cover data (i.e., five 30 m resolution pixels, or 0.45 ha). These characteristics make several million of the blocks essentially unusable for calculating our spatial metrics, and thus we used block groups as the basic unit of analysis for this study.



Block boundaries sometimes change between Censuses, which may also affect block group boundaries. Therefore, to reduce data aggregation bias introduced by shifting block group boundaries and to allow for direct comparisons of Census counts over time, we used 2000 and 2010 data from the National Historical Geographic Information System (NHGIS) that has been standardized to 2010 Census block group units [62]. We assumed that residential housing is prohibited or greatly restricted in public open spaces [64], and therefore removed overlapping parks and protected areas, including water bodies and all areas managed by federal, state, district, or local agencies, from calculations of Census block group areas. This step reduced the available private land area in affected block groups prior to housing density calculations. The NLCD imperviousness data products represent the proportion of each 30 m pixel composed of roads, buildings, and other constructed materials or infrastructure. Per-pixel imperviousness values range from no development (0%) to minimally developed areas where impervious surfaces account for <20% of total cover to highly developed areas where impervious surfaces account for 80–100% of total cover. Hereafter, we refer to the 2001 and 2011 NLCD impervious data using the years 2000 and 2010 for ease of discussion relative to the dates of Census data.




2.2. Calculation of Spatial Metrics by Block Group and Housing Density Class


We quantified and mapped housing density (hereafter “density”), impervious surface area (hereafter “impervious development”), impervious surface area per person (hereafter “per capita consumption”), and land-use efficiency (hereafter “efficiency”) for all Census block groups (Figure 1b–e). Following the approaches of Theobald [48,49] and Brown et al. [47], we classified the density (hectares per 1 housing unit) of each block group into one of four residential density levels: urban (<0.4 ha/unit), suburban (0.4–4 ha/unit), exurban (>4–16.2 ha/unit), and rural (>16.2 ha/unit) (Figure 1b) (note that density may alternatively be expressed as housing units per hectare). We calculated the total area (hectares and km2) of impervious development and the percent developed area for each block group and within each density class to capture the spatial footprint of impervious surfaces (Figure 1c). Next, we calculated per capita consumption for each block group and mean per capita consumption for each density class (Figure 1d). We calculated all metrics for 2000 and 2010 and quantified and mapped rates of change in the metrics over the decade. We applied the same density thresholds (Figure 1b) to the 2000 and 2010 housing density classifications to allow for consistent analysis of change over the decade and direct comparisons to prior studies. We identified locations that crossed residential density class thresholds by reclassifying block groups that changed density levels over time (e.g., rural to exurban, exurban to suburban, suburban to urban, etc.). Finally, we calculated a land-use efficiency metric (Figure 1e) for block groups using the sustainable cities indicator recommended by the United Nations 2030 Agenda for Sustainable Development (Goal 11, Sustainability Indicator 11.3.1. [43]). Efficiency is the ratio of the rate of expansion of developed land to the population growth rate for a given area and time period (Figure 1e). This versatile indicator is used to measure the form of urbanization patterns and is broadly linked to environmental, economic, and social dimensions of land change [43]. For our purposes, we further classified block groups where population growth outpaced the rate of new development between 2000 and 2010 as “efficient” (0 < efficiency ≤ 1) change, whereas “inefficient” change was characterized by block groups in which development expanded faster than population growth (efficiency > 1) (Figure 1e).




2.3. Multi-Metric Analysis of Megaregion Growth


We analyzed multiple metrics of human footprint to understand, visualize, and compare the regional variability and relative sustainability of growth trajectories of eleven U.S. megaregions defined by the America 2050 project [65]: Arizona Sun Corridor, Cascadia, Florida, Front Range, Great Lakes, Gulf Coast, Northeast, Northern California, Piedmont Atlantic, Southern California, and Texas Triangle. For each region, we calculated 2010 block group means (cumulative footprint) and average rates of change (change in footprint, 2000–2010) for density, percent development, and per capita consumption. In addition, we quantified the overall efficiency of urban and suburban density lands in each megaregion and the proportion of those areas that had “efficient” change. These metrics represent different, but interlinked, dimensions of urbanization that are fundamental to understanding and managing sustainable development [2,6,43]. We ranked megaregions from 1–11 based on their relative performance as measured by each of these seven metrics, which we considered equally important in the assessment. For example, the region with the highest cumulative mean density ranked #1 for that metric, whereas the region with the greatest rate of increase in mean per capita consumption ranked #11 (lowest position) for that metric. Moreover, the region with the highest proportion of urban and suburban areas with efficient change ranked #1 for that metric.



Twenty-one unique pairs of metric value rankings emerged from this exercise (e.g., density and percent developed, density and consumption, consumption and percent efficient lands, etc.). We used the nonparametric Spearman’s rank-order correlation to test whether any pairs of metric rankings among the regions are similar or highly associated. Pairs of rankings with a strong positive association may suggest that the underlying metrics are providing redundant information and that we could simplify our analysis using fewer metrics. Lastly, to summarize the relative performance of the megaregions across all metrics, we added each region’s individual metric rankings to derive a composite score where lower scores suggest a more sustainable development footprint. Based on the composite scores, we ranked the relative sustainability of the megaregion growth trajectories from most (1) to least (11) sustainable.





3. Results


3.1. National-Level Summary


Between 2000 and 2010, population increased by 10% to 306.7 million people in the conterminous US, with an associated 13.6% increase in housing units (130.9 million units in 2010) and a 10.7% increase in impervious surfaces (110,333 km2 in 2010). We found that 52% of block groups gained population and 47.5% lost population, yet housing density increased in 68% of block groups and impervious development increased in 90%. Among the 102,388 block groups that lost population, 46.5% added new housing and 85% gained new impervious development. By comparison, 90% of the 112,678 block groups that gained population added both new housing and impervious development. Of the total developed impervious area in the U.S. in 2010, 96% (105,830 km2) was located on private lands with the remaining distributed as in-holdings, roads, and other infrastructure within public open spaces. Private lands, totaling ~5.8 million km2, were predominantly rural (70.4% of private land area) and exurban (26.8% of private land area) densities. Suburban and urban density lands comprised around 2.8% of all private lands in 2010 but contained 50% of all impervious development and two-thirds of the population (Figure 2 and Figure 3a,b).




3.2. Changes in Housing Density and Impervious Development


Increases in housing density (Figure 3a–d) and impervious development (Figure 4a–e) between 2000 and 2010 resulted in overall losses of rural density lands (Figure 2) with exurban and suburban density lands accounting for much of this change (Table 1). Over 170,000 km2 of private, rural density lands changed to exurban density (Figure 3c), and these same lands gained over 350 km2 of new impervious development (Table 1). Exurban growth was more dispersed nationally with increases in density found beyond urban and suburban fringes in patterns that lack obvious spatial connection to metro regions (Figure 3c). Approximately 27,500 km2 of rural and exurban density lands changed to suburban or urban density (Table 1) over the decade. Lands that transitioned from exurban to suburban density (Figure 3d) accounted for 95% of this change and gained 1543 km2 of new impervious development (Table 1). New suburban growth formed in ribbons of increasing housing density around some of the largest and fastest growing metropolitan areas, for example, Atlanta, Chicago, and Dallas (Figure 3d), as well as rings of increasing impervious development around urban cores and at suburban fringes (Figure 4d). We found that the extent (km2) of impervious development increased during the decade within three density types at rates of +9.8% (exurban), +21.1% (suburban), and +11.2% (urban); however, there was a 3.8% decrease in the total area of impervious development occurring in 2010 rural lands compared to lands settled at rural densities in 2000 (Figure 4e). Overall, private lands of the conterminous U.S. gained approximately 10,500 km2 of new impervious development, and 92% of this change occurred in suburban (61.5%) and exurban (30.5%) density lands (Figure 4). The relative proportions of total development and population increased in suburban density lands over the decade such that by 2010, 37.5% of all impervious development and 45% of all people were located in suburban areas that comprised just 2.5% of the developable land area (Figure 2). The relative proportion of all impervious development remained largely unchanged for urban and exurban lands; however, the proportions of both development and population declined for rural density areas, which comprised about 70% of private lands in the U.S. in 2010 (Figure 2).




3.3. Changes in Per Capita Consumption


Per capita consumption on all private lands increased nationwide between 2000 and 2010 from 0.034 to 0.035 hectares per person. Mean per capita consumption was significantly higher in rural density lands (0.454 hectares/person) in 2010, compared to 0.053 for exurban, 0.031 for suburban, and 0.013 for urban density classes (Figure 5). Average per capita consumption increased in all housing density classes at rates of +63.4% (rural), +3.6% (exurban), +5.2% (suburban), and +4.7% (urban); however, the only significant change in mean per capita consumption occurred in rural density lands where rates increased from 0.278 to 0.454 ha/person (Figure 5). For those rural and exurban lands that transitioned to higher-density classes over the decade (e.g., rural to exurban, exurban to suburban, etc.), mean per capita consumption declined significantly (Table 1). Geographically, interspersed patterns of increasing and decreasing consumption across the eastern U.S. contrasted with more widespread increasing consumption patterns in the Great Plains and parts of the Midwest along a transition stretching from North Dakota to southcentral Texas (Figure 5c). Consumption also increased in many U.S. metropolitan areas that experienced more rapid housing and impervious development relative to population change (e.g., Phoenix, Houston, Charlotte) or rapid out-migration (e.g., New Orleans) (Figure 4d and Figure 5d).




3.4. Efficiency of Megaregion Growth


The efficiency of the urban and suburban areas of each of the eleven megaregions ranged from 0.53 in Cascadia (most efficient change) to 11.3 in the Great Lakes (most inefficient change) (Figure 6a), where the rate of new impervious development exceeded the population growth rate. We found that two of the megaregions examined had a majority of their urban and suburban areas considered land-use efficient, where rates of new impervious development are below the population growth rates: Cascadia (63% efficient lands) and Southern California (56% efficient lands) (Figure 6a and Figure 7). The Texas Triangle and Florida megaregions had nearly equal proportions of lands with efficient versus inefficient change. Change was efficient in less than 50% of the urban and suburban areas in each of the remaining megaregions (Arizona Sun Corridor, Front Range, Great Lakes, Gulf Coast, Northeast, Northern California, Piedmont Atlantic), ranging from 45.8% (N. California) to 32.1% (Great Lakes) efficient lands (Figure 7). Nationally, change in 60% of all urban and suburban density areas was inefficient (Figure 6b).




3.5. Relative Sustainability of Megaregion Growth


We found moderate to very low correlations between the 21 unique pairs of metric ranking for the megaregions (−0.6 > rs < 0.6, p < 0.01) (Figure 7). This result suggests that each of the seven metrics we considered is contributing essential information to our assessment of the overall human footprint and relative sustainability of megaregion growth trajectories. The largest negative association (−0.6) occurred between the ranks for mean density (2010) and percent impervious development (2010), while the ranks for mean density (2010) and percent change in impervious development (2000–2010) had the highest positive association (0.6). The weakest association (−0.02) occurred between ranks for mean per capita consumption (2010) and the percent change in impervious development (2000–2010). Our composite scores and final ranking of the relative sustainability of megaregion growth trajectories, based on each region’s relative performance across multiple metrics of cumulative footprint and change in footprint, identified the least sustainable megaregions (i.e., highest composite scores)—Arizona Sun Corridor (9th), Gulf Coast (10th), and Piedmont Atlantic (11th) (Figure 6 and Figure 7)—in the Sun Belt region of the United States. We found that the three most sustainable megaregions—Cascadia (1st), Front Range (2nd), Northern California (3rd)—(Figure 6 and Figure 7) are located in the Pacific Coast and Southern Rockies regions of the western U.S. The most sustainable megaregion (Cascadia) gained 173 km2 (6.3% increase) of impervious development and grew by 985,337 people (13.3% increase) over the decade, whereas the least sustainable megaregion (Piedmont Atlantic) overall added 870 km2 (20.5% increase) of developed impervious and 2,823,646 people (19% increase).





4. Discussion


Urban areas worldwide are expanding at rates that outpace population growth and seriously challenge sustainable development. In the United States, increasing sprawl development throughout the 20th century [17,32] placed the U.S. among the top nations in the world for the amount of impervious surface area per person [42,46]. The ability to develop more sustainably requires measuring and understanding the form, scale, and rate of urbanization [2,66], and international calls for more sustainable urbanization emphasize per capita land consumption and land-use efficiency as metrics for effectively tracking sustainable growth in the 21st century [3,43]. Research in the U.S. has focused primarily on changes in housing and population densities and urban expansion at metropolitan or national scales. To date, a few studies have reported changes in per capita land consumption for select U.S. cities or aggregated to state and national levels [54,56], and only one nationwide study assessed patterns of per capita developed land consumption by county for the year 2000 [58]. Our research quantifies early 21st-century changes (2000–2010) in housing density, impervious development, per capita land consumption, and land-use efficiency, with metrics resolved to Census block groups of the conterminous U.S. We examined spatial and temporal trends in these human footprint metrics at multiple levels, including block group, residential density class, and megaregion. We identified where, and in what form, urbanization occurred across the contiguous U.S. and found that losses of rural density lands due to exurban housing growth and suburbanization happened at a faster pace than previously reported trends. We showed how the aggregate extent of new impervious development is distributed across housing density classes and identified the largest increases in suburban areas and exurban lands. We analyzed variation of per capita consumption by residential density class and found that consumption in rural lands increased significantly over the decade and was also significantly higher than consumption in other density classes. In addition, we found that per capita land change was inefficient, or unsustainable, for a majority of megaregions. However, combining multiple metrics to score and rank the overall human footprint and relative sustainability of megaregion growth revealed both regional similarities and wide-ranging variation in their trajectories of development.



4.1. Trends of Increasing Exurbanization and Suburbanization


First, our analyses of changes in housing density and impervious development show that exurbanization and suburbanization are the dominant forms of growth in the early 21st century and may be more widespread and occurring more rapidly than prior observations and projections. For example, Theobald [48] found that the area of exurban density lands in 2000 (917,090 km2) was seven times that of urban and suburban density lands combined (125,729 km2). Applying the same density classification approach as Theobald [48,49], and excluding nearly 2 million km2 of public open spaces (25.7% of the CONUS), we found that by 2010, the total area of exurban density lands (1,551,015 km2) had increased to almost ten times the area of suburban and urban lands (163,086 km2). Furthermore, we found that the percentage of developable land in 2010 that is exurban density (27%) exceeds Theobald’s [48] 2020 projection of 19.6% exurban land and Brown et al.’s [47] estimate of 25% exurban land. Brown et al. [47] aggregated suburban and exurban densities into one exurban class, which suggests that our percentage of exurban lands in 2010 is even greater than their finding. Our estimation of remaining rural density lands in 2010 (70.3%) is substantially lower than Theobald’s 2020 projection (75.2%), and the percentage of urban and suburban lands in 2010 (2.8%) is only slightly below Theobald’s 2020 projection (3.1%) [48].



Our finding that the physical footprint of new impervious development increased by 10.7% nationwide is consistent with national trends reported in prior studies [45,54]; however, we additionally found the extents and rates of change in development varied substantially by residential density class (Figure 4e). Sleeter et al. [45], for example, reported a 33% increase in developed lands nationally during the three decades ending in 2000, or approximately an 11% increase per decade. Our work confirms a continuation of this average decadal rate of increase into the early 21st century. However, our examination of change by housing density type also revealed that over 90% of gains in impervious development between 2000 and 2010 occurred in suburban and exurban density lands, and the increase in total extent of development in suburban lands (6916.7 km2) was double the amount in exurban lands (3428.6 km2) (Figure 4e). Our finding that total impervious development in rural lands decreased (−3.8%) over the decade can be largely attributed to transitions of rural lands (and associated impervious cover) to exurban, suburban, and urban density classes (Table 1). In absolute terms, we found that no block groups lost impervious surface area during the decade, but rather impervious development remained stable or increased in extent in every block group where impervious cover was detected in 2000 (99% of block groups). As further confirmation, we quantified changes in the impervious extent for only block groups that (1) were located beyond Census urbanized area boundaries, and (2) remained at rural densities through 2010. Total impervious development in these areas actually increased by 3.6%, or +625 km2, indicating new development in even the most rural lands.



Patterns of exurbanization and suburbanization in the eastern U.S. differed markedly with those of the West in terms of the locations and amounts of development, particularly for the transitional rural-to-exurban density lands (Figure 3c; Table 1) and exurban-to-suburban density lands (Figure 3d; Table 1). For example, exurban growth in the West was patchy and scattered across roughly 31,000 km2 of private lands, whereas in the eastern U.S., exurbanization was more widespread over nearly 141,000 km2. Broadly speaking, these contrasting patterns are likely driven by the interacting geographies of land availability and land suitability (e.g., topography, accessibility) as well as consumer housing and lifestyle preferences. The West is characterized by vast regions of federal protected lands where the natural beauty, cultural cachet, and recreational opportunities have, for decades, attracted amenity migrants seeking a higher quality of life [26,27,67], but also where housing and development are limited, prohibited, or not feasible due to inaccessibility. These factors have contributed to more low-density residential growth in the surrounding developable lands of the rapidly expanding wildland–urban interface [27,28,53] and into grazing and farm lands of the West [68]. Moreover, agricultural landscapes of the West can be disproportionately impacted by exurban and rural residential development in areas where available wildlands are scarcer [69,70].



By contrast, extensive exurbanization patterns in the eastern U.S. (Figure 3c) likely reflect greater availability of private, rural lands, including forests and farmlands, where people, housing, and associated infrastructure can more readily expand. For example, we found the extent of new impervious development in eastern exurban lands (4186.3 km2) was 4.6 times the amount of new development in exurban lands of the West (907.5 km2). Suburbanization, while appearing in telltale ring or ribbon patterns in and around metropolitan areas across the contiguous U.S., was, similar to exurbanization, more prevalent in the eastern U.S. where there are more mid- to large-scale cities with available, developable lands at the urban fringes. For instance, we found the extent of new impervious development in eastern U.S. suburban density lands (3087.1 km2) was 2.4 times the amount of new development added in suburban lands of the West (1310.6 km2), and 35% of this total development occurred in areas that transitioned from exurban to suburban density (Figure 3d, Table 1). Taken together, these findings suggest intensification of developed land uses beyond urban boundaries across the U.S. in the early 21st century. Our finding that the majority of this change is lower-density exurban and suburban housing growth characterized by rapid expansion of impervious surfaces into once-rural, undeveloped landscapes, has significant implications for environmental change, ecosystems and services, and public health and wellbeing [71]. More dispersed forms of residential growth beyond the urban fringe increasingly fragment rural and natural landscapes [15,47] due to larger lot sizes [48,72] and the associated impervious infrastructure (e.g., buildings, parking lots, road networks, etc.) that negatively impacts biodiversity [5,7,50], the availability and quality of water resources [8,9,41], and the health and productivity of forested and working landscapes [47,73].




4.2. Trends of Increasing Per Capita Consumption


Second, our examination of per capita land consumption allowed us to better understand patterns and rates of impervious development relative to population, nationally, and across residential density classes. Our finding that gain in impervious development (10.7%) nationwide outpaced the increase in total population (10%) is a clear indicator of increasing per capita land change in the early 21st century. While this result represents a continuation of 20th-century trends of increasing sprawl in the U.S. [17,44,45], our analyses revealed both higher absolute values and percent increases in national per capita consumption rates than previous estimates and projections. Bounoua et al. [54], for example, reported a 2.7% increase in national per capita impervious surface area between 2001 (0.0295 ha/person) and 2011 (0.0303 ha/person), while we found a 3% increase in per capita consumption, from 0.0340 ha/person in 2000 to 0.0350 ha/person in 2010. Furthermore, our rates exceed the 0.0297 ha of constructed area per person reported for 2000–01 by others [42,46] as well as Bounoua et al.’s [74] 2020 projection of 0.0322 ha/person. When we factor in over 4100 km2 of impervious surfaces located in public open spaces, our national rates increase to 0.0355 ha/person (2000) and 0.0360 ha/person (2010).



The interacting dynamics of population change (birth, deaths, migration) and land change (impervious development) led to some unexpected findings when we examined how per capita consumption varied by housing density type. For example, not only was there a significant increase in average per capita consumption in rural lands (+63.4%), but by 2010, mean consumption (0.454 ha/person) in these areas of very low-density settlement was significantly greater (>8.5 times) than consumption in exurban, suburban, and urban density lands (Figure 5e). At the same time, mean consumption in exurban lands (0.053 ha/person) was much lower than expected, more similar to mean consumption in suburban lands (0.031 ha/person), and four times greater than mean consumption in urban density areas (Figure 5e). While we anticipated that overall per capita consumption would be higher in rural lands, the magnitude of difference between rural and exurban lands was surprising, but also supported by prior research. For example, Zeng and Ramaswami [72] found that residents of low-density rural lands in the U.S. have approximately 10 times greater direct land-use impact than urban dwellers. They attributed the higher per capita land use to a combination of larger home lots (by 14 times on average) and dwelling sizes (11% larger on average) and around five times more road area per person. We independently estimated per capita road length in our density classes using U.S. Census primary and secondary road data. While the proportions of total length were roughly equal in rural (40%) and exurban (42.8%) density lands in 2010, per capita road length in rural lands (~43 m/person) was about five times greater than in exurban lands (8.5 m/person).



Our finding that per capita consumption increased significantly in rural lands is most evident geographically across a broad region of the Great Plains and portion of the Midwest. Consumption increased in nearly all block groups of this region, contrasting sharply with the more densely populated eastern U.S., resulting in a distinct east–west divide in national consumption patterns (Figure 5a–c). Late 20th-century trends of increasing development and rural population losses throughout the Great Plains could be contributing factors. For example, Sleeter et al. [45] reported that a large proportion of the nation’s development occurred in the Great Plains region during the three decades leading up to 2000. Over the same period, the region experienced substantial net population losses in nonmetropolitan counties [47]. In addition, Alig et al. [75] found that the Great Plains had the highest total developed land per capita among U.S. regions between 1982 and1997. In the context of these historical observations, our findings support a continuing trend of increasing per capita consumption across these rural landscapes, where large impervious footprints relative to population size can have more pronounced, negative ecological impacts [68,71].




4.3. Low Consumption Is Not Necessarily Efficient Land Change


Third, despite suburban and urban lands having significantly lower mean per capita consumption compared to rural and exurban lands (Figure 5e), our examination of land-use efficiency revealed that development in 60% of all urban and suburban areas of the U.S. and for seven of eleven megaregions (64%) examined was inefficient (efficiency > 1) or unsustainable (Figure 6a,b). These findings demonstrate how relatively low per capita consumption does not necessarily translate into sustainable growth, and also highlight how the efficiency metric can integrate changes in land consumption and population to identify trajectories of per capita land change at different scales. However, the metric is not without its limitations. For instance, efficiency may effectively summarize the compactness or dispersion of impervious development over time, but says nothing of the sustainability of living conditions, and interpreting the metric can be tenuous in areas that lose population or where portions of the built environment are removed (i.e., negative growth) [43]. The UN SDGs, therefore, recommend two supplemental indicators, including “built-up area per capita” and “change in built-up area” [43], which we quantified and analyzed in this study as “per capita consumption” and “percent change in development” at multiple levels (block group, density type, megaregion).




4.4. Sustainable Development Is All Relative


Fourth, our assessment of overall human footprint and relative sustainability of megaregion growth scored regions on multiple metrics (Figure 7) and revealed both wide-ranging variation and regional similarities in their trajectories of urbanization. Our finding that the three least sustainable megaregions (Arizona Sun Corridor, Gulf Coast, Piedmont Atlantic) are located across the Sun Belt region aligns with prior observations and projections that identify the southern U.S. as home to many of the nation’s fastest-growing metropolitan areas. For example, 29 of the 50 most sprawling urbanized areas in 2010 [76], including Phoenix, Houston, and Charlotte (Figure 4d and Figure 5d), are found within these three megaregions. Moreover, Alig et al. [75] identified the Southwest and South as having the second and third highest levels of developed area per person at the end of the 20th century and projected that by 2025, the South would have the most developed land area and the Southwest would experience an 86% increase in developed land. In contrast, the three most sustainable megaregions (Cascadia, Front Range, Northern California) (Figure 7) in our analysis are located in the Pacific Coast and Southern Rockies regions of the West (Figure 6a), where municipalities arguably have stronger cultures of conservation [56] and have historically adopted more reform-minded land use, zoning, and growth management policies [54,56,74,75,77]. In addition, over one-third of the 50 most compact urbanized areas are located in these same megaregions [76].



Our finding that no two pairs of metric rankings (out of 21 pairs tested) are highly associated suggests a unique trajectory of growth for each megaregion, where each metric captures a different dimension of human footprint at the regional scale. Additionally, it demonstrates how measuring human footprint by any single metric can lead to very different conclusions about sustainable growth. For example, the Great Lakes region had the lowest proportion (32.1%) of urban and suburban areas that were land-use efficient and ranked last (#11) for that metric, yet the region had the second highest mean housing density in 2010 (24.2 units/ha) and the second lowest percent increase in impervious development (8.8%), ranking #2 for those metrics (Figure 7). Moreover, if we examined only “cumulative” percent developed or mean consumption (Figure 7), then both the Arizona Sun Corridor and Gulf Coast, two of the least sustainable megaregions in our overall assessment, rank higher than Cascadia. The Front Range also ranked higher (#1) than Cascadia for these two metrics. However, Cascadia ranked first across all four “change in footprint” (2000–2010) metrics), helping place it first among the most sustainable megaregions with a lower overall score than the Front Range and other megaregions (Figure 7). Our findings suggest trends of increasing densification and innovative development strategies in Cascadia and the Front Range, and perhaps reflect a history and culture of more progressive land-use planning and policy approaches toward open space and working lands conservation and sustainable development [78,79].




4.5. Comments on Interpretation


Several comments and points of caution for interpretation merit further discussion. First, using Census boundaries that vary in size as the basis for analyses introduces the modifiable areal unit problem, or MAUP [80,81]. We have attempted to reduce its effect by using block group data standardized to 2010 Census boundaries and by refining block group areas (i.e., by excluding water bodies and overlapping protected lands) prior to calculating metrics.



Second, our finding that nearly half of the 215,000+ block groups examined lost population, yet 46.5% of these added new housing and 85% gained impervious development, demonstrates that population density or counts are not suitable proxies for the development footprint. We analyzed both housing density and impervious cover data, in addition to population count, to more fully account for the physical footprint of the residential, commercial, industrial, and infrastructural features that are critical to understanding land use change [47,48,74].



Third, areas with population losses will, by definition of per capita land consumption, result in increasing consumption per person even when very little land is “consumed” for development over the period analyzed. New Orleans is a prime example of how rapid out-migration, due largely to approximately 450,000 residents being displaced in 2005 from Hurricane Katrina, many never to return [82], resulted in an increase in per capita consumption. We found New Orleans lost 175,000 people by 2010 compared to 2000 and had one of the largest percent increases (27.8%) in per capita consumption for an urbanized area, yet there was very little new impervious development (+8.65 km2) within its boundaries (Figure 4d). Our finding contrasts with Bounoua et al. [54], who reported a modest decrease in impervious surface area per capita in New Orleans. While our studies used the same 2010 Census urbanized area boundaries for reporting change, Bounoua et al. [54] summarized change after aggregating 500 m MODIS land cover, 30 m NLCD impervious surface cover, and 2.5 arc-minute gridded population data scaled up to approximately 5 km × 5 km cells. This example demonstrates how careful interpretation of consumption patterns, including the scale, magnitude, and direction of change in underlying development and population data, is needed to better understand and distinguish locations such as New Orleans from those where new development actually outpaces population gains (e.g., Charlotte, Houston, and Phoenix (Figure 4d and Figure 5d)).



Fourth, while we used the most comprehensive 30 m NLCD fractional imperviousness data [59,60] available for estimating impervious footprints, Nowak and Greenfield [83] found that 2001 percent impervious cover was underestimated by 1.4% to 5.7% in approximately 70% of mapping zones of the conterminous U.S. More recently, comparisons of the 2011 imperviousness data to high-resolution (1 m2) reference data for the Chesapeake Bay region [84] and for 18 U.S. metropolitan regions [85] identified similar underestimation biases in the percent impervious cover. Smith et al. [86] evaluated NLCD impervious data for hydrologic applications across exurban to urban settings, and, compared to reference data, found greater underestimation bias in areas of low-density development (<20% impervious cover), mixed accuracy across medium-density development (40–70% impervious), and the highest agreement in areas of higher-density developments (>70% impervious). We also note that NLCD imperviousness data does not account for the volume of impervious materials used in taller vertical structures associated with high- and medium-density settlements. Moreover, linear infrastructure, such as one- and two-lane roads, can go largely undetected in medium-resolution satellite data; however, it comprises significant portions of the total development footprint [34]. Taken together, these studies indicate that we (and others that rely on similar data) have likely underestimated the extent of impervious footprint and the rates of per capita consumption across the U.S, and perhaps even more so in lower-density rural and exurban areas. More work is needed to further quantify and understand the magnitude of this uncertainty in our estimates, locally, regionally, and along the urban–rural gradient.



Fifth, our scores of the overall human footprint and sustainability of megaregion growth trajectories are not absolute measures, but rather relative rankings based on each region’s relative performance across multiple cumulative and change metrics. This choice was driven, in part, by persistent challenges associated with absolute quantification of sustainable urbanization, for example, subjective definitions of urban sprawl, lack of clear distinctions between dispersed versus compact development, and widely varying indices used across urbanization studies [87]. Overall, we recognize the inherent uncertainties and limitations associated with the national datasets used and the spatial and temporal scales of our analyses, however, the credibility of our findings is supported by trends identified in prior research and highlighted in this discussion.





5. Conclusions


Several key trends and forward-looking thoughts emerge from our analyses of urbanization and per capita land change. First, exurbanization and suburbanization are the most extensive and intensive forms of growth in the 21st-century U.S. The area of exurban density lands in 2010 exceeded prior estimates and some 2020 projections, and over 90% of new impervious development between 2000 and 2010 occurred in suburban and exurban lands, leading to overall losses of rural density lands. Second, per capita land consumption increased nationally to 0.035 ha/person, a rate that surpasses prior estimates and projections. Subnationally, mean consumption increased for all housing density types, but most significantly in rural density lands. Mean consumption across rural lands in 2010 (0.454 ha/person) was over 8.5 times the average rates in exurban, suburban, and urban areas, with the most extensive increases occurring throughout portions of the Great Plains and Midwest. Third, while urban and suburban areas had significantly lower per capita consumption compared to rural and exurban lands, 60% of these areas nationally were land-use inefficient, where unsustainable rates of urban expansion outpaced population growth. Fourth, there was substantial variation in trajectories of megaregion growth when assessed across multiple metrics of human footprint, but also important regional similarities. Megaregions in the rapidly urbanizing Sun Belt stretching from AZ to NC grew less sustainably, whereas the Cascadia, Front Range, and Northern California megaregions grew most sustainably, perhaps reflecting more progressive growth and conservation management approaches embedded in the histories and cultures of the American West. Early aggregate data from the 2020 Census suggests increasing population growth in both the southern and western regions of the U.S. How these population trends manifest in new urbanization and environmental changes across the urban–rural gradient are topics of future work using subsequent data releases of population and housing counts, protected areas, and land cover. This will produce new knowledge of how, when, and where we develop, facilitate new comparisons to prior and contemporary research, and can inform spatially explicit predictive models of urbanization, per capita land change, and sustainable growth in the urban millennium. Thus, this research is also a point of departure, providing benchmark metrics that planners, land managers, policymakers, and researchers can use to track trends of urbanization and per capita land change and to make better decisions about where to focus resources to support local and regional priorities for conservation and sustainable development.
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Figure 1. Data and calculations used for quantifying human footprint metrics. Data on (a) population and housing [62], protected open spaces [61], and percent imperviousness [59,60] used to quantify (b) housing density and density classes, (c) total and percent impervious development, (d) per capita land consumption, and (e) land-use efficiency. 
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Figure 2. Relative proportions of private land area, impervious development, and population by housing density class in 2000 and 2010. 
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Figure 3. Housing density patterns for private lands of the conterminous U.S. Patterns shown for block groups in (a) 2000 and (b) 2010 with change dominated by (c) rural to exurban density transitions and (d) exurban to suburban density transitions. 
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Figure 4. Distribution of developed impervious surfaces across the conterminous United States and by housing density class. Developed imperviousness patterns shown for (a) 2000, (b) 2010, and (c) locations where imperviousness increased or remained unchanged over the decade, including (d) detailed patterns of change for selected metropolitan areas of the United States. (e) Distribution of total impervious surface area by year and housing density class. 
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Figure 5. Per capita developed land consumption for private lands of the conterminous United States. Block group consumption patterns shown for (a) 2000 and (b) 2010. Direction and magnitude of change in land consumption for the decade shown for (c) the contiguous U.S. and for (d) block groups of selected metropolitan areas. (e) Mean per capita land consumption by year and housing density class (standard error of the mean shown for each bar). 
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Figure 6. Land-use efficiency patterns and megaregion boundaries [65] of the conterminous United States. All urban and suburban density block groups (a) mapped as efficient (blue) or inefficient (orange) change with megaregion efficiency calculations shown in parentheses, and (b) the percent of total urban and suburban density lands by type of change (efficient, inefficient). 
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Figure 7. Matrix of metric values, ranked values, and final ranking of overall footprint and relative sustainability of eleven U.S. megaregions. Final rank is based on adding rank scores of 2010 cumulative footprint metrics and change in footprint (2000–2010) metrics across rows to derive a total score for each region. Grayscale cells help to visualize the order and variation of rank values in each column, with the darkest shade representing the best-performing, or highest ranked (#1), megaregion as measured by a particular metric. Values in parentheses are mean values (mean density units are housing units/ha; mean consumption units are ha of impervious surface/person) or percentages calculated from the block groups within each region, and they provide the basis for rankings. 
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Table 1. Change in area, impervious development, and per capita consumption for block groups that changed density class between 2000 and 2010.
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Housing Density Transitions

(00–10)

	
Land Area

	
New Impervious Development

	
Mean Per Capita

Land Consumption




	
Area (km2)

	
% of Total

Private Land

	
Area (km2)

	
% Change

	
2000 (ha/Person)

	
2010 (ha/Person)






	
Rural to

Exurban

	
172,091.9

	
3.0

	
351.4

	
23.3

	
0.5

	
0.08




	
Rural to

Suburban

	
1365.9

	
0.02

	
252.3

	
211.1

	
3.1

	
0.03




	
Rural to

Urban

	
84.3

	
0.001

	
29.1

	
232.7

	
3.6

	
0.06




	
Exurban to

Suburban

	
25,988.5

	
0.45

	
1543.1

	
47.8

	
0.12

	
0.03




	
Exurban to

Urban

	
72.6

	
0.001

	
16.6

	
82.8

	
0.4

	
0.02




	
Suburban to

Urban

	
1992.8

	
0.03

	
95.2

	
11.04

	
0.03

	
0.02
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