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Abstract: Urbanization has significant impacts on the regional environmental quality through altering
natural lands, converting them to urban built-up areas. One common strategy applied by urban
planners to manage urbanization and preserve natural resources is to make a comprehensive plan
and concentrate future land use in certain areas. However, in practice, planners used to make future
land use planning mainly based on their subjective interpretations with limited ecological supporting
evidence and analysis. Here, we propose a new approach composed of ecological modelling and
land use zoning in the spatial matrix to evaluate the comprehensive plan and identify priority lands
for sustainable land use planning. We use the city of Corvallis, OR, as the test bed to demonstrate this
new approach. The results indicate that the Corvallis Comprehensive Plan 1998–2020 featured with
compact development is not performing efficiently in conserving ecological values, and the land use
plan featured with mixed-use spreading development generated by the proposed approach meets
the city’s land demands for urban growth, and conserves 103% more ecological value of retaining
storm water nitrogen, 270% more ecological value of retaining storm water phosphorus and 19%
more ecological value in storing carbon in the whole watershed. This study indicates that if planned
with scientific analysis and evidence, spreading urban development does not necessarily result in
less sustainable urban environment than the compact development recommended in smart growth.

Keywords: urbanization; land use planning; ecological values; spatial matrix; compact development;
spreading development

1. Introduction

Urbanization has been a crucial dynamic in the world since the middle of the twentieth century.
The population of urban residents increased from 800 million in the 1950s to almost 4 billion in
2014, which accounted for more than half of the global population [1]. Urbanization brings great
opportunities and benefits to industrialization, modernization and sociological rationalization, and
due to this advantages urbanization is predicted to maintain with a rapid rate in decades to come [2].
The United Nations reports that urbanization need to accommodate 6.5 billion people living urban
areas by 2050, which is more than 60% of the predicted global population [1]. Urbanization has been
promoting technical advance, social development and cultural exchange [3], however, through altering
natural lands, converting them to urban built-up areas, urbanization has proven to be threating to our
environmental quality in various ways. For example, urbanization was found to be a main reason
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for surface water pollution, and the levels of nutrient pollution in storm water, such as nitrogen and
phosphorous, discharging from built-up areas are commonly above the acceptable standards [4–6].
Besides, during the process of urbanization, an extensive volume of carbon deposited in natural lands
is returned into the atmosphere, which is believed to be one of the significant causes for climate
change [7].

Given that it is not feasible to reverse development and stop urban growth [2], making a
comprehensive plan and concentrating urbanization within certain area are becoming popular
strategies applied by urban planners to preserve nature resources and steer the development of
urban settlement in a sustainable way [8–10]. However, few models were developed for making
comprehensive plans with full consideration of ecological factors, therefore, in practice, planners used
to delineate the areas for future land use development in the comprehensive plan mainly based on
their subjective interpretations, with limited ecological supporting evidence and analysis [11]. The lack
of environmental database and effective planning methods put the performance of future land use
plan in managing urbanization and conserving ecological values in doubt [12,13]. Ecosystem service
refers to the various welfares human gain from the functioning ecosystem [14], for example ecosystem
purifies storm water and stores carbon to regulate water quality and climate temperature. Previous
studies have applied the concept of ecosystem service in the planning scenarios evaluation under
different strategies and policies at the regional scale [15–18]. But limited studies integrate the ecosystem
service quantitative analysis in making the future land use plan and few attracted the decision-makers’
attention because they did not present the results at the local scale that is more related with their
own benefit.

The aim of this research is to develop a spatially explicit approach based on ecological value
mapping through ecosystem service quantification and land use zoning through spatial matrix in
GIS (Geographic Information System) to assist urban planners in making the future land use plan
using open-access dataset. The approach is supposed to accommodate future urbanization and
conserve most ecological values theoretically based on: (1) mapping ecological values on the local
level; (2) quantifying different land use categories’ impacts on ecological values locally; and (3) zoning
the future land use category impacting ecological values more on the land of less ecological values to
protect the land of high ecological values from urbanization’s interference. This research also aims
to apply the approach in the city of Corvallis as the test-bed to demonstrate its applicability and to
evaluate the urban growth form generated by the proposed approach that is oriented by ecological
value conservation.

The research outcomes show that Corvallis Comprehensive Plan 1998–2020 featured with compact
development is not performing efficiently in conserving the ecological value of purifying storm
water and the land use plan featured with spreading mixed-use development generated by the
proposed approach conserves 103% more ecological value of retaining storm water nitrogen, 270%
more ecological value of retaining storm water phosphorus and 19% more ecological value of storing
carbon in the entire drainage basin without compromising the city’s demand of lands for predicted
urbanization from 1998 to 2020. This study contributes to land use planning strategies using scientific
analysis and the sprawl vs. anti-sprawl debate for the sustainable urban form. It provides assistance
for urban planners and decision makers in formulating more rational plans and corresponding policies
that direct the development of urban settlement towards sustainability.

2. Materials and Methods

This research used the city of Corvallis as a demonstration. We first quantified the ecological values
on local scale through ecosystem service modelling. We then analyzed the effectiveness of the city’s
Comprehensive Plan 1998–2020 in conserving ecological values through comparing urbanization’s
ecological impacts through the city’s growth history from 1854 to 1997. We further generated the future
land use plan through the proposed approach and evaluated its effectiveness with comparison to the
Corvallis Comprehensive Plan 1998–2020.
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2.1. Area of Interest

The city of Corvallis is located across the Marys River Watershed (Hydrologic Unit Code:
1709000302) and the Willamette River Watershed (Hydrologic Unit Code: 1709000306) in the state
of Oregon, U.S. The storm water quality is an urgent issue in the city. The amount of total nitrogen
and phosphorus in the Willamette River fail to meet the minimum standard established in EPA
(U.S. Environment Protection Agency) Clean Water Act, and Corvallis is required to reduce daily
nonpoint pollution nutrients loading into storm water [19]. Oregon implements the most restricting
policies on urban growth management in America and cities in Oregon are required to implement a
comprehensive land use plan [20]. Corvallis is in the Willamette Valley and encompasses 20 sub-basins
(Figure 1) [21]. The city’s Comprehensive Plan was first implemented in 1980 and was updated in 1998
after periodic reviews [22]. According to the Corvallis Comprehensive Plan 1998–2020, 37.3 km2 of land
were circumscribed by the City Limit and 72.8 km2 of land was circumscribed by the Urban Growth
Boundary (Figure 1). Therefore, the Urban Fringe, referred to the areas between the Urban Growth
Boundary and the City Limit, is near 36 km2. In 1998, this areas were covered mainly by natural forest
and pasture, and it is planned to be zoned mostly by land uses of residential neighborhoods, public
institutes, general industry, commercial centers, public institutes and open space during the city’s
urbanization process from 1998 to 2020 [23].
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2.2. Ecological Mapping through Ecosystem Service Modelling

Ecological modelling was applied to quantify ecosystem services and map the ecological values
of carbon storage and storm water pollution nutrient purification in Corvallis using publicly available
GIS datasets collected from various sources. Four types of databases were needed in this research—the
climate dataset, the geographic dataset, the urban planning dataset and the biophysical dataset.
The datasets were utilized in the well-known ecosystem services modelling program InVEST developed
by the Natural Capital Project [25] (Table 1).
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Table 1. Datasets used to map ecological values in purifying storm water and storing carbon in the
InVEST program.

Data Name Source Format

Climate
Dataset

Average Annual Precipitation National Oceanic and Atmospheric
Administration-Climate Prediction Center [26] GIS Raster-Grid

Average Annual Reference
Evapotranspiration

National Oceanic and Atmospheric
Administration-Climate Prediction Center [26] GIS Raster-Grid

Geographic
Dataset

Drainage Basin City of Corvallis, OR [19] GIS Vector-Polygon

Sub-basin City of Corvallis, OR [19] GIS Vector-Polygon

DEM National Elevation Database [27] GIS Raster-Grid

Plant Available Water Content Soil Survey Geographic Database [28] GIS Raster-Grid

Root Restricting Layer Depth Soil Survey Geographic Database [28] GIS Raster-Grid

Land Cover Data Pacific Northwest Ecosystem Research
Consortium [29] GIS Raster-Grid

Planning
Dataset

1998–2020 Comprehensive Plan City of Corvallis, OR [23] GIS Vector-Polygon

1998 Zoning Map City of Corvallis, OR [30] GIS Vector-Polygon

Impervious Surface City of Corvallis, OR [30] GIS Vector-Polygon

Parcel City of Corvallis, OR [30] GIS Vector-Polygon

Biophysical
Dataset

Plant Evapotranspiration
Coefficient FAO Crop Evapotranspiration [31] N/A

Nutrient Loading Coefficient NatCap Database [32] N/A

Vegetation Filtering Coefficient NatCap Database [32] N/A

Amount of Carbon Stored in
Aboveground Biomass

National Greenhouse Gas Inventories
Programme [33] N/A

Amount of Carbon Stored in
Belowground Biomass

National Greenhouse Gas Inventories
Programme [33] N/A

Carbon Stored in Soil National Greenhouse Gas Inventories
Programme [33] N/A

Amount of Carbon Stored in
Dead Body

National Greenhouse Gas Inventories
Programme [33] N/A

InVEST was developed and calibrated in Willamette River area within which the city of Corvallis is
located [34], and has been applied well in the other coastal areas in Western North America in previous
studies [35,36]. The modelling process in InVEST is referred to the InVEST User Guide [37]. The first
parcel in the city of Corvallis was built in 1854, and until 1997, there had been 14,885 parcels [30].
We divided the city’s growth history from 1854 to 1997 into 10 periods (Figure 2) and quantified
the nonpoint pollution export (nitrogen and phosphorus) into storm water and the carbon storage
in the entire drainage basin for each historical period in InVEST based on the city’s historical land
cover data [30]. The city’s Comprehensive Plan 1998–2020 was proposed in the Corvallis 2020 Vision
Statement [23]. The nonpoint pollution export into storm water and carbon storage in the entire
drainage basin from 1998 to 2020 were predicted in InVEST based on the city’s Comprehensive
Plan [23] and the land use land cover data [29]. Through comparing the historical modelling results
with the future prediction results, we evaluated the Comprehensive Plan’s performance in alleviating
urbanization’s impacts on environmental qualities from 1998 to 2020. The amount of storm water
pollution (nitrogen and phosphorus) retained on the parcel level in 1998 was also modelled in InVEST.
The combined value of ecosystem services (combined ecological value) provided by the land in
purifying storm water and storing carbon was defined in this research by Equation (1).

Eco log ical_Value = Nitrogen_Retention × Nitrogen_Puri f ication_Value+

Phosphorus_Retention × Phosphorus_Puri f ication_Value + Carbon_Storage × Carbon_Value
(1)
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We used the avoided-cost method to estimate the combined ecological value in this study [38].
EPA reported that the cost of pollution removal in storm water by the municipal waste treatment ranges
from $12.5/kg to $23.8/kg for nitrogen and $10.6/kg to $232.54/kg for phosphorus, respectively [39].
Although computing carbon removal cost is controversial and complex, estimates ranging from
$2.6/ton to $23.1/ton of carbon released into the atmosphere has been suggested by Nordhaus [40]
and Stern [41]. In this research, we set the averages, $18.2/kg as the nitrogen purification value,
$121.6/kg as the phosphorus purification value, $12.8/ton as the carbon storage value. GIS was used
to summarize and map the combined ecological value on the sub-basin and parcel level based on the
quantification results.
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Figure 2. The city of Corvallis urbanization history from 1854 to 1997.

2.3. Land Use Zoning through Spatial Matrix

According to the environmental planning principle to conserve ecological value [42] and the Land
Conservation Act (LCA) [20], the land use category that has more impacts on the ecological value
should be zoned in the areas of less ecological value and the areas of high ecological value should be
preserved during urbanization. The alteration of pervious surface to impervious surface including
building roofs and pavements has been indicated in previous studies to have negative influence on the
environmental quality in various aspects, such as urban hydrology [43], water quality [44], wildlife
habitat [45] and land surface temperature [46]. We determined the degree of different land use impacts
on the ecological value through exploring the correlation of impervious surface percentage with the
combined ecological value defined in this research. Based on the mapping of storm water nutrients
retention and carbon storage quantification generated from InVEST and the combined ecological value
for each parcel, an original Spatial Matrix P was created to show each parcel’s size, the spatial location
identification and its combined ecological value (Figure 3a), and in Spatial Matrix M, the parcels are
arranged with the ecological value in the ascending order (Figure 3b).
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Figure 3. (a) Spatial Matrix P shows the parcel size, the spatial location identification and the
ecological value for each parcel; (b) Spatial Matrix M arranges parcels with the ecological value
in the ascending order.

Based on the principle to conserve ecological value that the land use category that has more
impacts on the ecological value should be zoned in the areas of less ecological value and the areas of
high ecological value should be preserved during urbanization, Equation (2), Equation (3) and the
Spatial Matrix M in Figure 3 were used to determine parcels for different land uses.

n

∑
n=1

M(Parcel Size i) ≥ LU (2)

Output = min(n) (3)

where M is Spatial Matrix M; n is the first n parcels in Matrix M; LU is the size of the land use to
be zoned. Spatial Matrix M informs the amount of the parcels’ ecological value in ascending order.
Equation (2) keeps accumulating the parcel size following the ecological value ascending order in
Spatial Matrix M until the total accumulation size is bigger than the size of land required by the
land use category in future urbanization. In GIS, Equation (3) locates the parcels that are used in the
accumulation process in Equation (2) and delineates the urbanization land use pattern on the map.

3. Results and Discussion

3.1. Current Comprehensive Plan 1998–2020 Evaluation

The urbanization’s ecological impacts through exporting nonpoint storm water pollution and
losing carbon storage from 1998 to 2020 in the city of Corvallis were summarized in Table 2. Under
the Corvallis Comprehensive Plan, the city is modelled to discharge 52% more nitrogen pollution
and 159% more phosphorous pollution into storm water, and losing 11% carbon storage in the entire
drainage basin due to the urbanization from 1998 to 2020. Within the City Limit, nitrogen and
phosphorus pollution exports rise by 44% and 157% respectively, and the carbon storage drops by
9%. The high percentage of nitrogen and phosphorus export is consistent with previous research
finding that Willamette Basin is facing increasing risk of water contamination due to nitrogen input
and phosphorus input [47,48]. All of these three results are less than the general impacts across the
entire drainage basin. This could be explained by the fact that there is less available lands for new
urban development within the City Limit and the urbanization rate tends to be slower from 1998 to
2020. The storm water pollution export and carbon storage stay almost the same outside the Urban
Growth Boundary because of few land cover alteration in these lands. However, in the Urban Fringe
area, storm water nitrogen and phosphorus export are modelled to be increased by more than 80% and
200%, respectively, and carbon storage is predicted to lose by 60% in 2020. All of these three outcomes
are much higher than the general impacts across the entire drainage basin and the reason could be
the fact that compared with the area within the City Limit, the ongoing urbanization process in the
urban-rural fringe is more likely to cause the corresponding environment and biodiversity degradation
due to its sensitivity to urbanization interruptions [49].
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Table 2. Urbanization’s ecological impacts in 1998 and 2020.

1998 2020 Difference (%)

Area Size (m2) N_E (kg) P_E (kg) C_S (Mg) N_E (kg) P_E (kg) C_S (Mg) N_E P_E C_S

City Limit 41,246,847 3195 405 172,445 4585 1039 157,234 44 157 −9
Urban Fringe 33,164,041 2297 282 372,010 4210 906 150,270 83 221 −60

Urban Growth Boundary 74,410,888 5491 687 544,455 8795 1946 307,504 60 183 −44
Area outside of Urban

Growth Boundary 44,937,479 872 107 1,553,993 880 109 1,553,225 1 1 0

Storm water basin 119,348,367 6363 795 2,098,448 9675 2055 1,860,729 52 159 −11

Note: N_E: Nitrogen Export; P_E: Phosphorus Export; C_S: Carbon Storage.

Based on the Corvallis Comprehensive Plan 1998–2020, 35 km2 land are planned to be urbanized
from 1998 to 2020 (Average Urbanization Rate: 35 km2/22 year = 1.6 km2/year) [23], this is predicted to
result in 3312 kg more nonpoint nitrogen pollution discharge into the urban storm water 1260 kg more
nonpoint phosphorous pollution discharge into the urban storm water, and 237,719 Mg carbon storage
loss in the terrestrial land. We compared the predicted urbanization’s ecological impact from 1998 to
2020 with it through the city’s historical urbanization process from 1854 to 1997 shown in Figure 2, and
the results were listed in Table 3. It is evident that the urbanization rate from 1998 to 2020 is planned to
be higher than any previous period in the city’s history. The carbon storage loss rate is projected to be
309 Mg/km2 per year that is slower than the historical average rate (1247 Mg/km2 per year). However,
one square kilometer of land developed under urbanization is modelled to export into storm water
4.3 kg nonpoint nitrogen pollution per year and 1.6 kg nonpoint phosphorus pollution per year, both
of which are higher than the averages in the city’s history (3.8 kg/km2 per year for nitrogen pollution
export and 0.49 kg/km2 per year for phosphorus pollution export). Based on this analysis, the planned
Corvallis urban area in 2020 provides more ecosystem service in storing carbon to regulate climate,
but the nonpoint storm water pollution is still an issue in 2020 and more green infrastructures are
suggested to be implemented in the Comprehensive Plan to purify storm water in the urbanized area.
It indicates that there exists ecosystem service trade-offs under the Comprehensive Plan 1998–2020
and the plan performs effectively in enhancing the region’s capacity of storing carbon, but it does not
restrain the urbanization’s trend in discharging more nonpoint nitrogen and phosphorus pollution in
urban storm water.

Different with previous studies that evaluated the performance of planning strategies and policies
through comparing the situation across cities in the same period [50,51], this study analyzed the
situation of different historical periods in the same city to rule out the comparison and contrast interfere
due to uncontrolled conditional variance from different cities. The results suggest that planning policies
and strategies may unintentionally contribute to environmental degradation in one way or another and
planners should weigh the ecosystem service trade-offs in making the comprehensive spatial planning.

Table 3. Urbanization’s impacts on environment from 1854 to 1997.

Time Period U_S
(Acre/Year)

N_E
(kg)

P_E
(kg)

C_S_L
(Mg)

N_E
(kg/Acre/Year)

P_E
(kg/Acre/Year)

C_S_L
(Mg/Acre/Year)

1854–1869 0.21 0.29 0.05 226.35 0.0054 0.0009 4.20
1870–1885 0.74 1.60 0.34 1057.98 0.0084 0.0018 5.58
1886–1901 27.22 109.46 15.73 46,378.11 0.0157 0.0023 6.65
1902–1917 10.52 66.56 13.60 19,566.19 0.0247 0.0051 7.27
1918–1933 84.03 145.75 23.40 16,978.27 0.0068 0.0011 0.79
1934–1949 48.75 289.16 29.54 83,384.29 0.0232 0.0024 6.68
1950–1965 100.52 560.81 47.43 154,578.15 0.0218 0.0018 6.01
1966–1981 130.62 612.75 41.75 142,850.44 0.0183 0.0012 4.27
1982–1997 98.77 358.10 29.20 100,747.00 0.0142 0.0012 3.98
Average 55.71 238.27 22.34 62,862.98 0.0154 0.0020 5.05

Note: N_Export: U_S: urbanization size during the period; P_Export: phosphorus export due to urbanization in the
period. C_S_L: carbon storage loss due to urbanization in the period.
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3.2. Ecological Value Distribution

The ecosystem services provided by the entire drainage basin in purifying storm water nitrogen,
purifying storm water phosphorus and storing carbon in 1998 were quantified in InVEST. Based
on the quantification result and Equation (1), the ecological value was calculated and summarized
by each sub-basin in GIS (Table 4). The combined ecological value of the entire drainage basin in
purifying storm water and storing carbon is worth up to $9 million per year. The sub-basins within
the top quartile are Dixon Creek, Lewisburg, Frazier Creek, Oak Creek and Jackson Creek. These
are the undeveloped sub-basins located along the northwest edge of the drainage basin (Figure 1a).
The sub-basins in the bottom quartile are Fillmore, Garfield, Madison, Western and Adams Jefferson.
These five sub-basins intersect with the city’s Downtown area with higher percentage of impervious
surface (Figure 1b). This coincides with the finding in previous studies that ecosystem services were
offered by the green space with a linear-gradient changing from the urban center to the periphery [52].
The results suggest that the most urbanized watershed has the greatest impact on ecosystem service
values. Some basins are smaller in size, but they have higher percentage of impervious pavement,
especially within the urban center, and their performance improvements in providing ecosystem
services may be larger if low impact development strategies are implemented, such as green roof,
pervious pavement and rain garden [53].

Table 4. Ecological value for each sub-basin.

Sub-basin Size (m2) I_ P E_V ($/m2) Sub-Basin Size (m2) I_ P E_V ($/m2)

Jackson Creek 7,252,646 3.49% 13.87 Dixon Creek 10,646,477 31.22% 5.25
Oak Creek 33,565,869 4.84% 13.41 Goodnight 1,476,668 37.10% 1.11
Lewisburg 7,549,264 5.24% 10.48 Ryan Creek 554,022 37.42% 2.24

North East Corvallis 2,468,807 5.43% 3.59 Sequoia Creek 5,316,672 37.74% 3.83
Frazier Creek 8,287,789 5.66% 12.18 Mill Race 1,629,515 38.83% 1.48
Marys River 14,165,147 6.75% 1.34 Garfield 2,231,949 41.39% 0.97

Willamette River 2,592,320 7.07% 2.28 Western 505,835 57.31% 0.66
Dry Creek 4,591,240 13.75% 0.82 Madison 256,504 57.39% 0.83

Dunawi Creek 10,722,055 18.71% 2.76 Fillmore 2,665,090 60.71% 1.11
Village Green 1,895,545 26.39% 1.96 Adams Jefferson 687,242 64.57% 0.34

Note: I_P: impervious surface percentage; E_V: combined ecological value per year.

Taking a close-up examination, a strong power regression relationship with the correlation
coefficient as 0.74 was established between the impervious surface percentage and the combined
ecological value per unit (Figure 4), which confirms that the area with higher impervious surface
percentage has more influences on the ecological value estimated on the local level in Corvallis.
This also implies that converting the ecosystem service into the combined economic ecological value
could be a way to deal with ecosystem services trade-offs [54], and local land owners could lessen
urbanization’s ecological impacts by controlling the impervious percentage within their land, even
though they may not change environment degradation drivers on the regional scale [55].

Due to the fact that most urbanization development is planned outside the City Limit from 1998
to 2020 [23], the combined ecological value outside the City Limit was mapped on the parcel level
in GIS (Figure 5). Through the Global Moran’s I test for the combined ecological value distribution,
the outcome shows that the z-scores on both the sub-basin level and the parcel level are higher than
1.960, which means that the spatial autocorrelation relationship exists on both local levels (Figure 6).
This could be explained by the homogeneity of environmental characteristics across closer spatial
patterns [56]. The result shows that the combined ecological value is distributed with assemblage
patterns at local scales, which indicates that making the land use plan according to the ecological
value distribution patterns is feasible. The z-score on the parcel level is higher than it on the sub-basin
level, which means the distribution assemblage pattern on the parcel level is clearer than it is on the
sub-basin level. This suggests to probe the land use planning with the goal to preserve more ecological
values using the parcel land as the unit of analysis. Therefore the combined ecological value mapping
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on the parcel level (Figure 5) was utilized to identify priority lands for future land uses to conserve
more ecological values in the process of urbanization.
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3.3. Priority Lands Identification for Land Uses

According to Corvallis Comprehensive Plan 1998–2020, 31 km2 natural land is planned to be
urbanized into 11 urban land use classes outside the City Limit to meet the city’s future development
demands. This study set up the assumption that the same land use area is developed with the same
percentage of impervious surface as it was in 1998. Table 5 summarizes the land use classes to develop,
the demanded size and the percentage of impervious surface in each land use category. We identified
priority lands for land uses pattern delineation with the goal to accommodate these 11 land use
classes as planned to develop and conserve most combined ecological value. The priority lands were
identified for each land use zoning grounded on the environmental planning principle that the lands
with lower ecological value should be zoned for the land use class impacting more on the ecological
value and the lands of higher ecological value should be prevented from urbanization. As discussed
in previous sections, the power correlation relationship confirms that the land use class with high
impervious surface percentage results in less combined ecological value left in Corvallis. Based on the
ecological value map (Figure 5), the Spatial Matrix M described in Figure 3, Equation (2), Equation (3)
and the environmental planning principle, priority parcels for each future land use class was zoned
in GIS. Corvallis is predicted to need 438,296 m2 of land urbanized for the commercial use and the
commercial land use category has the highest percentage of impervious surface. Therefore, the first
group of parcels with the accumulating size over 438,296 m2 in the combined ecological value low to
high ranking matrix is zoned as commercial land use. Following the order to be zoned (Table 5) and
the same step, all the other ten land use patterns are delineated on the map (Figure 7).

Table 5. Projected future land use size, impervious percentage and order to be zoned.

Order Urbanization Land Use Size (m2) I_P Order Urbanization Land Use Size (m2) I_P

1 Commercial 438,296 76.80% 7 General Industrial 2,352,492 31.14%
2 Intensive Industrial 778,680 67.25% 8 Residential-Low Density 12,444,195 25.20%
3 Residential-High Density 309,608 53.88% 9 Limited Industrial 416,222 15.79%
4 Residential-Medium-High Density 1,377,225 42.76% 10 Open Space-Agricultural 3,174,064 4.26%
5 Public Institutional 4,966,187 37.93% 11 Open Space-Conservation 4,520,116 0.00%
6 Residential-Medium Density 1,987,273 37.28%

Note: I_P: impervious surface percentage.
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As the result, in the proposed land use plan, all parcels with the combined ecological value higher
than $6000 per year and more than half of parcels with the combined ecological value between $3000 to
$6000 per year are preserved from urbanization (Table 6). In comparison with Corvallis Comprehensive
Plan 1988–2020 featured with compact development hubs close to the City Limit, the new land uses
plan proposes five bigger mixed-use urban centers spreading outside the City Limit. Similar with the
Comprehensive Plan, industrial areas are mainly planned next to the south edge of the City Limit. But
differently, commercial areas, various residential types, public institutions are spreading outside the
City Limit across the north and west part of the drainage basin.

Table 6. Urbanized and Conserved Parcels in the Proposed Land Use Plan.

Combined Ecological Value Parcel Numbers Parcel to be Urbanized Parcel to be Preserved Preservation Percentage

<3000 801 801 0 0.00%
3000–6000 875 398 477 54.51%
6000–9000 839 0 839 100.00%

9000–12,000 141 0 141 100.00%
>12,000 112 0 112 100.00%

We also quantified the ecosystem services provided by the conserved parcels under the Corvallis
Comprehensive Plan 1988–2020 and the proposed land uses plan. Previous studies claim that compact
development leads to less ecological impacts than the spreading development due to the understanding
that compact development restrains urbanization within certain area and conserves more natural
resources [57–59], but our results show that the entire drainage basin under the proposed land use plan
featured by spreading mixed-use developments stores nearly 20% more carbon and retains over 100%
more storm water nonpoint nitrogen, 270% more storm water nonpoint phosphorus than it under the
Comprehensive Plan featured by compact development close the City Limit (Table 7). This could be
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explained by the finding that compact developments have more severe impacts on the local biodiversity
even though it is restrained in certain areas and conserve more natural lands untouched [60].

It is undoubtable that spreading mixed-use developments in the proposed land use plan would
require more investment in urban infrastructures construction (e.g., expansion of power facilities,
drainage systems and streets) [61]. Also, the spreading urban development far away from the urban
center would disturb wildlife habitat and result in biodiversity loss [62], and generate more commuting
CO2 emissions as well [63]. Therefore, the land use plan generated in this study could not have been
the most practical urbanization plan for the city to implement at this stage. However, as indicated in
previous studies, the preserved natural lands distributing among the spreading urbanization play the
role of stepping stones to strengthen the regional biodiversity and provide residents more recreational
accessibilities to nature [64]. Moreover, the spread of urban development appears to be more able to
reduce traffic congestion than the compact development [65]. Preserving the stepping stone natural
lands to enhance landscape connectivity and developing public transportation to reduce commuting
travel miles might complement the proposed spreading mixed-use developments.

Table 7. Comparison of Ecosystem Services Provision.

Corvallis Comprehensive Plan Proposed Land Use Plan Difference

Nitrogen Retention 15,073 kg 30,522 kg 102.49%
Phosphorus Retention 1225 kg 4533 kg 270.04%

Carbon Storage 1,553,993 Mg 1,847,725 Mg 18.90%

4. Conclusions

Through altering natural lands to urban built-up areas, urbanization has been threatening our
environmental quality in multiple dimensions. The comprehensive plan has been implemented
in urban growth management and natural resources conservation in some cities. Enacting locally
appropriate land uses planning requires a full consideration of various ecological variables, social
variables and economic variables. As suggested by previous studies, the ecosystem service framework
is an effective tool to analyze and pursue sustainability and urban planners practice an important
role in guaranteeing the public welfare gained from ecosystem in managing cities’ urbanization
process [66]. However, the lack of methods and data has been the challenge to apply ecosystem
service analysis in the field of urban spatial planning [67]. This study proposed a new approach
that consists of ecosystem service valuation mapping and land uses zoning in the spatial matrix to
evaluate the comprehensive plan and identify priority lands for future land uses to conserve more
ecosystem services. Using the city of Corvallis, OR, as the test-bed, the land uses plan developed by
the new approach accommodates the city’s future urbanization and conserves more ecological values.
This research contributed to land use planning strategies using scientific analysis and the sprawl
vs. anti-sprawl debate [68] by demonstrating that if planed with scientific analysis and evidence,
the urban spreading development does not necessarily result in more environmental degradation than
the recommended compact development in “smart growth” [69].

This study can be improved in several ways. For example, more categories of ecosystem
service beyond carbon storage and storm water purification should be measured, such as landscape
connectivity, species biodiversity and air purification and so on. The combined ecological value
estimation could be more accurate and applicable with more localized site-specific data (for example,
local residents’ willing to pay for the ecosystem service [70]). The trade-offs in the spreading
development generated by this land use planning approach and its application in practice should be
explored with more evidence and analysis. All of these limitations or issues call for future research.
Besides, the low impacts development strategies, such as green roofs, pervious pavements and rain
gardens, have been widely proven to be effective in providing ecosystem services in the built-up
environment [71,72]. Coupled with the preservation of parcels with high ecological values from
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urbanization, how to implement low impact development strategies in parcels zoned for future
urbanization to make the sustainable land use plan more comprehensive calls for further research
as well.
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