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(BMPs) will help slow the movement of 
water across the landscape and into the 
tributary network, reduce erosion, and 
decrease delivery of nutrients and harm-
ful toxins to Lake Champlain.

Historically, WWTFs have been a 
significant source of phosphorus, but with 
recent technological advances, these 
facilities have become very efficient at 
removing phosphorus (Figure 8). While 
these facilities have become quite effec-
tive, they also have aged. More than ten 
percent of WWTFs are beyond their ex-
pected lifespan, and another ten percent 
are within five years. Investment in this 
infrastructure will be essential in future 
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FIGURE 6 | THE EFFECT OF URBANIZATION ON FLOODING
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SOUTH LAKE A (NY, VT)
3.9% of Total P Load

PORT HENRY
1.2% of Total P Load

SHELBURNE BAY
1.9% of Total P Load

NORTHEAST ARM
1.6% of Total P Load

ST. ALBANS BAY
1.3% of Total P Load

BURLINGTON BAY
0.4% of Total P Load

MAIN LAKE (NY)
7.2% of Total P Load

MISSISQUOI BAY (VT, QC)
24.1% of Total P Load

MALLETTS BAY
9.1% of Total P Load

MAIN LAKE (VT)
14.3% of Total P Load

OTTER CREEK (NY, VT)
14.8% of Total P Load

LAND USE TYPES

FORESTED
Areas 
covered 
primarily with 
trees.

AGRICULTURE
Crop and 
livestock 
production.

NOTE: The land use data is from 2001 satellite imagery— the most recent comprehensive and complete data for this region. 
DATA SOURCE: Updating the Lake Champlain Basin Land Use Data to Improve Prediction of Phosphorus Loading. LCBP Technical 
Report #54. May 2007. Page 45, Table 2-11.

ISLE LA MOTTE (NY, VT)
5.5% of Total P Load

CUMBERLAND BAY
5.0% of Total P Load

SOUTH LAKE B (NY, VT)
9.7% of Total P Load

DEVELOPED
All roads, cities, 
suburbs, lawns 
and large-lot 
buildings.

Missisquoi Bay Basin
Phosphorus Loading 
from Upland Sources

DATA SOURCE: Modeling Efforts and Identification of 
Critical Source Areas of Phosphorus Within the 
Vermont Sector of the Missisquoi Bay Basin. LCBP 
Technical Report #63. December 2011.

Developed
Agriculture

Streambank
Undeveloped

A 2011 study focused on the Missisquoi Bay Basin 
attributed less phosphorus loading to agricultural 
lands than previous analyses. The study estimated that 
40% of loading is attributable to streambank erosion, 
but does not assign these loads to particular land uses. 
Man-made structures along river corridors, agricul-
tural drainage, impervious surfaces, and loss of 
floodplains and wetlands all contribute to streambank 
erosion.

efforts to control phosphorus pollution.
In Québec, all point sources of phos-

phorus from public and private treat-
ment facilities are treated to achieve 
an effluent concentration of 1.0 mg/l 
or less. These facilities are monitored 
regularly by the Ministère du Dével-
oppement durable, de l'Environnement 
et des Parcs (MDDEP; Ministry of Sus-
tainable Development, Environment, 
and Parks), to ensure their effective-
ness. The load from these point sources 
accounts for approximately 4-5% of the 
total phosphorus load from Québec to 
Missisquoi Bay. FIGURE 7 | ESTIMATED NONPOINT SOURCE PHOSPHORUS LOADING BY 
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Key Message 1: Effects on Communities and Ecosystems

Choices about land-use and land-cover patterns have affected and will continue  
to affect how vulnerable or resilient human communities and ecosystems are  

to the effects of climate change. 
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 are generated from triangular 
distributions in which the parameters are estimated based on 
survey results and census data. Details of these stochastic 
processes are illustrated in the following sections. 

The second procedure of the LUTABM collects information 

landholdings to evaluate  expected utilities for 
the current year. Here the human agents are subdivided into 
three categories of agricultural landowners based on their 
financial conditions. We use results of a 2010 farmer survey to 
stochastically distribute  into 
three categories: financially feel good, financially moderate 
stress, and financially major stress. Different categories of the 
human agents make land-use decisions through different 
decision making processes. The third procedure of the 
LUTABM updates both the 
properties and then re-categorize these agents based on their 
current properties. The last procedure of the LUTABM outputs 
simulated land-use patterns of every year during 1992 and 
2042.   

B. Case Study Area and Land Cell Agents 
The framework of the LUTABM is implemented to 

land-use patterns within the western Missisquoi Watershed 
(Fig. 2), where the majority of the land-use decision makers are 
agricultural landowners and the agricultural runoffs is 
considered a primary P and N driver for the water quality 
degradation of the Missisquoi Bay. A land cell agent of the 
LUTABM is defined as a land grid cell of 30 by 30 meter. A 
land cell agent at a given year has three properties: land-use 
type, landownership, and land productivity change due to land-
use transition. These properties are homogenous across a land 
cell. The western Missisquoi Watershed consists of 
approximately 0.3 million land cell agents. A total of seven 
land-use types can be observed in any given year within the 
watershed: open water , urban , barren 
= 3), forest , grass/shrub , agriculture  and 
wetlands  7). These seven land-use types are consistent with 
the eight-class land-use classification system of the National 
Land Cover Dataset 1992/2001 Retrofit Land Cover Change 
Product (NLCD 1992/2001 Retrofit). This study uses the 
NLCD eight-class classification system instead of the NLCD in 
their original and finer classifications. Because the mapping 
scheme used to produce NLCD 1992 is different than that for 
NLCD 2001 and 2006, direct comparisons among NLCD 1992, 
2001 and 2006 in their original classifications are not 
advisable.  Instead, the NLCD eight-class system, which has 
been used to retrofit the NLCD 1992, is a consistent 
classification system across all NLCD products to allow direct 
comparisons among the NLCD 1992, 2001 and 2006. The 
retrofitted NLCD 1992, which is the NLCD 1992/2001 
Retrofit, is fed to the LUTABM to initialize the land-use 
patterns in 1992. The LUTABM uses the color scheme shown 
in Fig. 2 to display the land-use patterns. The land cells outside 
of the study area or lacking land-use classification information 
are displayed in black. The NLCD records show that one of the 
eight land-use types, permanent ice/snow, has never been 
observed in the western Missisquoi Watershed. More detail 
regarding the land cover classification legends of this retrofit 

dataset is available at http://www.mrlc.gov/nlcdrlc_leg.php. 
Since the ownership of a land cell is the linkage between a land 
cell agent and a human agent, the ownership formulation will 
be explained in the section describing human agents.  

The vegetation grown on a land cell, which can be 
estimated by biomass productivity, can be considered as goods 
and services that the human agents benefit from utilizing their 
land holdings. Considering the land-use transitions among four 
land-use types: agriculture, barren, grass/shrub and forest, 
while all other factors held constant, the biomass productivity 
decreases while the land-use is changed from a more vegetative 
land-use to a less one and vice versa. The LUTABM employs a 
non-parametric method to estimate changes in biomass 
productivity due to a certain land-use transition occurred on a 
given land cell. This non-parametric method ranks the biomass 
productivity produced by these four land-use lands from 
smallest to largest: barren, agriculture, grass/shrub, forest. The 
barren and agriculture lands are considered as ties. When a 
land-use transition occurs, the biomass productivity of a land 
cell k in year t -use type is 
ranked n ranks -use type. Thus, the 
change of biomass productivity of this land cell, denoted by 

Pk(t), is estimated n -use type of a 
given land-use transition is ranked n ranks 
land- Pk(t) = -n. For the land-use transitions 
occurred between the same ranked land- Pk(t) = 0. 
Fig. 3 shows  given a land-use transition. 

 

Fig. 2. The western Missisquoi Watershed (colored area) versus the entire 
Missisquoi Watershed. The colored area displays the observed land-use 
pattern of the NLCD 1992 eight-class classification system. 
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modeling system to simulate land-use change by bringing 
together three simple process models: an agent-based model of 
subsistence farming where households and individuals within 
the households are treated as agents, an individual-based model 
of forest dynamics, and a spatially explicit hydrological model 
that predicts distributed soil moisture and basin scale water 
fluxes. However, in this study by Bithell and Brasington 
(2009[10]), an agent does not communicate with other agents 

and Kelley (2004[11] -use 
decisions based on land available, labor allocated among 
farming, pasture/grazing and off-farm actives, and aesthetics 
associated with a forested landscape to maximize its utility. A 
limitation of their model is that it does not include stochastic 
components. Ng et al. (2011[12]) developed an agent-based 
model in combination with SWAT (Soil and Water Assessment 

adopting Best Management Practices (BMPs) and 
corresponding nitrate load reductions. However, Ng et al. 
(2011[12]) did not collect empirical data on how farmers, 
individually or aggregated, make decisions on adopting BMPs. 
Instead, 50 semi-hypothetical farmers were used for modeling 

[13]; 2010[14]) 
developed an agent-based modeling system in which both farm 
households and land parcels are treated as agents that produce 
utility and biomass respectively. In these two studies, 
household behaviors are specified for each different livelihood 
group based on household data by using multivariate statistical 
analyses. In addition, stochastic components are integrated into 

locations, preference of land-use choice and other status 
variables. This study provides an improved representation of 
land-use transition agent-based model by incorporating 
stochastic processes, empirical data and a more parsimonious 
farm-level livelihood framework than that by Le et al. 
(2008[13]; 2010[14]). As indicated by Parker et al. (2003[15]), 
very few agent-based land-use models consider both landscape 
and landowners as autonomous agents. Instead, most of these 
models simulate landscape changes by cellular automata (CA) 
and landowners by agent-based modeling. This study adopts 
the concept that both landscape and landowners are 
autonomous agents to develop a land-use transition agent-based 
model (LUTABM) in which agents are parameterized based on 
the National Land Cover Dataset (NLCD), a farm survey 
conducted in 2010 and Census of Agriculture 1992 to 2007. 
Few land-use change models developed based on agent-based 
modeling approaches were parameterized by using NLCD. 
Employing NLCD allows the framework of the LUTABM to 
be applied to watersheds where NLCD are available and then 
direct comparisons of simulated land-use patterns for different 
watersheds can be made.  

An earlier version of the LUTABM was presented by Tsai 
et al. (2012[15]). This paper aims at demonstrating an 
improved representation of the LUTABM built based on our 
previous work. The current version of the LUTABM 
implements land-use decisions with respect to 
dynamics of  productivity of lands 

-use decisions. The primary 
feature of the LUTABM is to mimic land-use changes resulting 

-use decisions primarily driven by 

the  as a proxy for utilities. The 
three states of 

conditions,  that is, feel good, moderate stress and 
major stress. Two hypotheses relating to impacts of financial 
conditions on land-use transitions are examined. First, states of 

ly influence the 
-use decision makings and that alone can be the 

dominant cause affecting -use decisions. 
Second, different combinations of famers in each state of the 
initial financial conditions significantly affect the simulation 
outcomes of the LUTABM because features of every 
land-holdings are different. Exogenous influences such as 
change and/or public policies can shape the formation of these 
different combinations of financial conditions because these 
exogenous factors can affect the size of the farmers  
in each of the three financial states. Six scenarios with different 
combinations of farmers in the three initial financial conditions 
are run by the LUTABM to test the second hypothesis. 

II. MODEL FRAMEWORK AND APPLICATION 

A. Conceptural Framework 
The framework of the LUTABM consists of four 

procedures. The flow chart shown in Fig. 1 illustrates the 
hierarchical structure of these four procedures in details. The 
first procedure of the LUTABM initializes agents and 
parameters based on 1992 data. Agents of the LUTABM are 
categorized into two major types: human agents, who make 
land-use decisions to maximize utility from the properties they 
manage; and land grid cell agents, which produce goods and 

The parameters 
include the initial utilities, the probabilities of 
the hu  the 
probabilities of the annual land-use transitions. These 

Fig. 1. Flow chart of the land-use transition agent-based model for 
the Missisquoi Watershed.  
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TABLE III. Comparison of the percentages of land-use types 3: Barren, 4: Forest, 5: Grass/Shrub, and 6: Agriculture resulting from the baseline scenario to the 
observed land-use percentages. 

 Percentage of A Land-use Type 
 2001 2006 

Land-use 
Code 

Observed Baseline Simulation 
(Minimum, Mean, Maximum) 

Observed Baseline Simulation 
(Minimum, Mean, Maximum) 

3, Barren 0.581 (0.627, 0.646, 0.673) 0.663 (0.647, 0.671, 0.710) 
4, Forest 37.872 (37.992, 38.007, 38.021) 38.181 (37.995, 38.015, 38.032) 
5, Grass 0.936 (0.879, 0.886, 0.894) 1.186 (0.859, 0.869, 0.884) 

6, Ag 37.922 (37.525, 37.545, 37.564) 36.982 (37.498, 37.530, 37.556) 
 
TABLE IV. Comparison of the land-use transition probabilities from land-use type l to k resulting from the baseline scenario to the observed land-use percentages. 

! ! "#$%&'()!*+#$(,-,.$!/+.0#0,1,-2!

3+.4! *.! 566787995! 79958799:!

1! ;! <0()+=)%! >,4'1#-)%!!

?@,$,4'4A!@)#$A!@#B,4'4C!

<0()+=)%! >,4'1#-)%!!

?@,$,4'4A!@)#$A!@#B,4'4C!

!" !" #" $%&'()*"%&''%*"%&''!+" %&'(#" $%&'('*"%&''!*"%&'',+"

!" -" %" $%&%%,*"%&%%'*"%&%#!+" %&%%(." $%&%%/*"%&%%)*"%&%##+"

!" ," %" $%&%%%*"%&%%%)*"%&%%.(+" %&%%!.'" $%&%%%*"%&%%%!*"%&%%#+"

/" /" %&''." $%&''(,*"%&''('*"%&'''#+" %&''." $%&'''*"%&'''-*"%&''')+"

/" ," %&%%)," $%&%%%'*"%&%%##*"%&%%#/+" %&%%%!#" $%&%%%*"%&%%%-*"%&%%%)+"

-" /" %" $%&%!)*"%&%/.*"%&%/(+" %&%)%!(" $%&%..*"%&%.'*"%&%!-+"

-" -" #" $%&'-%*"%&'--*"%&',#+" %&'%#" $%&',!*"%&')%*"%&'))+"

-" ," %" $%&%%%)*"%&%%.*"%&%%/+" %&%#-," $%&%%%*"%&%%#!*"%&%%!+"

," !" %" $%&%%#-*"%&%%.*"%&%%!+" %&%%.#)" (0.0006, 0.0008, 0.0012)"

," -" %&%%%-" $%&%%%.*"%&%%%!*"%&%%%/+" %&%%..!" (0.00004, 0.00013, 0.0002)"

," ," %&''!" $%&'')*"%&''(*"%&''(+" %&')!" (0.9987, 0.9991, 0.9993)"

 
the annual land-use transition probabilities l,k,1, which were 
used to initialize the LUTABM, are estimated by averaging the 
transition probabilities occurred across the entire two time 
period: 1992~2006. It seems that the annual land-use transition 
probabilities in 1992~2001 are different from those in 
2001~2006.    

B. Land-use Patterns under Different Scenarios  
Generally, Fig. 12 to Fig. 13 show that the LUTABM 

produces more variant and less uncertain outcomes for time 
periods that are further into the future. The agricultural lands 
steadily decrease over time under all six scenarios (Fig. 13). 
Fig. 11 shows that, under MS-ES and ES-ML, the forested 
lands increase over time. Under Ba (MS-ML) and ML-MS, the 
forested lands decrease slightly in 2001 and then steadily 
increase throughout the entire simulation horizon.  Under EL-
ML and MS-EL, the forested lands decrease, stay level and 
then eventually increase over time. It is worthy to note that, 
first, among all six scenarios, under MS-ES, there is a flattest 
decreasing trend for agricultural lands and a steepest increasing 
trend for forested land. Second, under both EL-ML and MS-
EL, the decreasing trend for agricultural lands is the steepest 
and the decrease-level-increase trend for forested lands is the 
flattest among all similar trends. 

Fig. 10 shows the distributions of the probabilities of the 
financial conditions generated by the LUTABM under 

all six scenarios.  The distributions of the estimates of the 

moderate stress (1  p  q) for the scenarios Ba (MS-ML) and 
ML-MS are similar across simulation horizon and both 
increase with similar rates. This indicates that numbers of 
farmers feeling financially moderate stress (1  p  q) for both 
Ba and ML-MS stay similar in each year throughout the 
simulation horizon, while more farmers financially feel good 
(p) under ML-MS than under Ba and more farmers feel major 
stress (q) under Ba than under ML-MS except for year 2001, 
which demonstrates a reverse case. Fig. 10 also shows that the 
numbers of farmers feeling moderate stress for EL-ML and 
MS-EL are similar in all five time periods and both increase 
slightly in 2001 and then stay level starting 2006. Generally, 
Fig. 12 to Fig. 13 show that the simulated land-use percentages 
are similar for Ba and ML-MS and for EL-ML and MS-EL. We 
summarize that, under scenarios with similar levels of farmers 
feeling moderate stress, the LUTABM generates similar land-
use percentages of all four land-use types; whereas under ES-
ML and MS-ES where the levels of farmers feeling moderate 
stress are very different from other scenarios, the LUTABM 
generates significantly different land-use percentages of all 
land-use types. Interestingly, comparisons between ES-ML and 
MS-ES in Fig. 12 and Fig. 13 show that a larger increase in 
barren lands and a larger decrease in agricultural lands under 
ES-ML. This reflects that more agricultural lands are 
abandoned due to more farmers feel major stress under ES-ML 
than under MS-ES. However, the increase in forest lands (Fig. 
11) under MS-ES is more than its counterpart under ES-ML. 
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Simulated	
  Land	
  Use	
  
under	
  Baseline	
  

Land	
  use	
   2001	
   2006	
   2011	
   2021	
   2031	
   2041	
  
Urban	
  Open	
  
Space	
  (up	
  
trend)	
   0.01239	
   0.01241	
   0.01242	
   0.01244	
   0.01246	
   0.01247	
  
Forest	
  
Deciduous	
  
(up	
  trend)	
   0.28229	
   0.28347	
   0.28590	
   0.28996	
   0.29192	
   0.29309	
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(up)	
   0.17421	
   0.17414	
   0.17421	
   0.17436	
   0.17445	
   0.17449	
  
Crop	
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Manure 
spreading 
setbacks 
(from water 
bodies and 
private/public 
wells) 

Past 
Practice 

0.7609** 
(0.2590) 

0.3709** 
(0.1407) 

0.1471 
(0.2499) 

0.4115** 
(0.1754) 

0.2553** 
(0.1158) 

Attitude -0.0522 
(0.1884) 

0.3152** 
(0.1412) 

-0.0267 
(0.1732) 

-0.0396 
(0.0768) 

-0.0821 
(0.0823) 

Perceived 
Social 
Norm  

0.2960** 
(0.1422) 

0.1543* 
(0.0872) 

0.3507** 
(0.1441) 

0.1388 
(0.0878) 

0.1830 
(0.0971) 

Perceived 
Behavioral 
Control 

0.6145*** 
(0.1716) 

0.5615*** 
(0.1247) 

0.7171*** 
(0.1145) 

0.8013*** 
(0.1252) 

0.9167*** 
(0.0944) 

Constant 0.4697** 
(0.2076) 

0.0767 
(0.1288) 

1.2703** 
(0.4244) 

0.7623* 
(0.4455) 

0.3407 
(0.2402) 

R2 and  
(BIC) 

0.6960 
(351.46) 

0.8322 
(286.98) 

0.5676 
(384.53) 

0.6678 
(370.70) 

0.7575 
(349.75) 

Coefficients with * are significant at p>0.01; ** at p>0.05; and *** at p>0.001. Standard 
Errors are in Brackets. 

!



Weighted	
  OLS	
  Regression	
  Models	
  PredicCng	
  Farmer	
  IntenCon	
  to	
  Adopt	
  Nutrient	
  
Management	
  PracCces	
  in	
  Missisquoi	
  and	
  Lamoille	
  Watersheds	
  (N=80)	
  

	
  

 Planned 
Crop 
Rotations 

Soil Test at 
least every 
three years 

Strip 
Cropping 

N, P & K 
Applications 
at rates 
recommended 
by soil tests 

Buffers at 
field edges 

Past 
Practice 

0.6889** 
(0.2182) 

0.1248 
(0.2407) 

0.9137** 
(0.4307) 

-0.0274 
(0.2103) 

0.7296** 
(0.3449) 

Attitude -0.2184 
(0.1663) 

0.1425 
(0.1330) 

-0.2848 
(0.2388) 

0.1429 
(0.1389) 

-0.3071* 
(0.1797) 

Perceived 
Social 
Norm  

Omitted due 
to MC 

Omitted 
due to MC 

Omitted due 
to MC 

0.1556* 
(0.0890) 

0.1854 
(0.1259) 

Perceived 
Behavioral 
Control 

0.9077*** 
(0.1378) 

0.7750*** 
(0.0924) 

0.8056*** 
(0.2437) 

0.8672*** 
(0.0936) 

0.7883*** 
(0.1034) 

Constant 0.7445** 
(0.2467) 

1.0419** 
(0.4376) 

0.3423** 
(0.0932) 

0.7392** 
(0.2663) 

0.7616** 
(0.3064) 

R2 and  
(BIC) 

0.7354 
(343.70) 

0.6984 
(338.98) 
 

0.8163 
(264.53) 

0.7909 
(321.23) 

0.6522 
(372.31) 

!



ConservaCon	
  Tillage	
  AdopCon	
  Behavior	
  ABM	
  Design	
  and	
  
Calibrated	
  Parameters	
  

!"#"$%&%#'( )"*+,#"&%-(./%0"#+1(2"*3%(
!"#$%#&'()*+,-.&'$/.00,1)2$3,-)$ 4546$7)*$8),*$
#&'-,9-$3,-)$ :'.;&*<$%=4>?42$
@&9.,0$A';0B)'9)$3,-)$ triangular(0.005,0.1, 0.01)$
C"#3$%#&'()*+,-.&'$/.00,1)2$ triangular(0.01,0.08,0.04)$
D)E$!0,'$ triangular(0.2,2,1 )$
$



NMP	
  AdopCon	
  Behavior	
  ABM:	
  Baseline	
  Policy	
  Mix	
  
Scenario	
  



NMP	
  AdopCon	
  Behavior	
  ABM:	
  Policy	
  mix	
  scenario	
  
with	
  twice	
  as	
  much	
  technical	
  and	
  financial	
  

assistance	
  


