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Abstract

A GIs-based statistical method lo examine spatial change
was developed and demonstrated. Each measurement occa-
sion is mapped as a separate GIS coverage. Then, using a
raster GIS, a nonparametric test for trend is performed on a
per-pixel basis across the collection of coverages. The spatial
component of the data set is maintained, allowing further
spatial analysis of the derived coverage.

The method was applied to a subset of the animal waste
management data collected as part of the St. Albans Bay, Ver-
mont, Rural Clean Water Project. It was found that from 1983
to 1990, significant increases (P<0.10] in the rate of animal
waste disposal occurred on 18 percent of the land within 100
metres of Jewett Brook, while significant decreases in applica-
tion rate occurred on just 3 percent of the riparian land. This
suggests that, despite widespread adoption of agricultural best
management practices, agricultural activity was, to some ex-
tent, working against an improvement in water quality.

Introduction
Environmental research is frequently concerned with the
measurement of variables whose magnitude and spatial distri-
bution vary over time. Geographic information systems (GIS)
are powerful tools for the analysis of such spatial changes
(Johnson, 1990). Yet the ways in which GIS has been applied
to the analysis of spatial change have been limited. Spatial
change analysis with GIS is most commonly confined to the
overlay of spatial data sets representing data at two points in
time. Change is then represented as the difference of, or a ra-
tio of, the two data sets (Lo and Shipman, 1990). Because
only two data sets are used, the primary weakness of this
method of change analysis is the inability to differentiate
natural or random fluctuations over time from real trends.
This paper presents a GIS-based statistical method to ex-
amine spatial change. Given that the distribution and magni-
tude of a variable have been measured at evenly spaced time
periods, each measurement occasion is mapped as a separate
GIS coverage. Using a raster GIS, a nonparametric test is used
to assess trend on a per-pixel basis, across the collection of
these separale coverages (i.e., across the multitemporal data
set).

Temporal Analysis Using GIS

When a multitemporal data set is of concern, mapping is of-
ten of limited value because it is difficult to visually inter-
pret a map representing multitemporal data. Rather than
present multitemporal data on a single map, the temporal di-
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mension of the data is often summarized or eliminated. If the
temporal dimension of a spatial database is to be summa-
rized, that summarization should, in some way, assist in the
interpretation of the data, so as to avoid basing conclusions
about the spatial-temporal data set on non-significant or ran-
dom variations (Choynowski, 1959). There are a variety of
cartographic and computer-cartographic methods available to
examine multitemporal spatial data.

The most common method of examining change is to
overlay maps representing the spatial distribution of a varia-
ble of interest at two different time periods. This technique
is widely used within both the raster IS environment (Lo
and Shipman, 1990) and the vector GIS environment (Ahern
et al., 1990). The overlay method is also used in image proc-
essing to construct temporal difference images, or temporal
ratio images (Avery and Berlin, 1985). The results of the
overlay of two coverages are easily represented on one map,
and are easily interpreted visually. However, consideration of
only two time periods may produce misleading or exaggerated
results if there is any tendency of the variable of concern to
cycle in either its spatial distribution, or in its magnitude. Cy-
clical variation may be incorrectly interpreted as either an up-
ward or downward trend.

To overcome the limitations to understanding spatial
change between two time periods, spatial data may be col-
lected at multiple time periods. When data for multiple time
periods are available for consideration. the meaningful use of
overlay analysis becomes more difficult. A GIS may allow one
to accurately overlay coverages representing data at many time
periods, but a single map representing the results of the over-
lay of multiple coverages can be too complex to meaningfully
interpret visually, so other techniques must be used.

One way to present a cartographic variable observed for
multiple time periods is through the use of temporal “glyphs”
(Monmonier, 1990). Temporal glyphs include bar charts or
other complex symbols to portray change at a specific loca-
tion. McCord and Olson (1989) apply this concept by develop-
ing a data transfer method between Arc/Info (ESRI, 1990) and
SAS-Graph (SAS Institule, 1985), allowing graphs generated
by SAS to be used as symbols in an Arc/Info map. When us-
ing the temporal glyph or graph-in-map method, much of the
data may be redundant, or may not describe meaningful
change. Furthermore, the large amount of data that are pre-
sented as one map may overwhelm the map reader, hindering
understanding (VonEssen and Walsh, 1989).

Computer animation is another way of presenting a mul-
titemporal data set so as to portray change. Computer anima-
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tion methods allow one to visualize change in a spatial data
set over time as maps are displayed sequentially on a com-
puter screen (MacEachren and DiBiase, 1991). While useful
for many purposes, such a computer “flip book™ does not as-
sist in the quantification or the objective evaluation of spatial
change. A more advanced conceptual approach to the prob-
lem of analyzing spatial change is to incorporate temporal-to-
pology in a IS, making temporal relationships as much a
part of the data set as spatial relationships (Langran and
Chrisman, 1990). Temporal topology does not, however, di-
rectly address the problem of quantification and representa-
tion of spatial change on a map.

An alternative to representing data measured at numer-
ous time periods on a map is to statisticallv summarize the
temporal data set. Descriptive statistics of a spatial data set
could then be more easily presented and interpreted visually.
Maps of descriptive statistics of the data set, such as the
maximum, mean, or median values, could then be generated.
However, maps of descriptive statistics can oversimplify or
overgeneralize multitemporal data, reducing their usefulness
(VonEssen and Walsh, 1989). Furthermore, descriptive statis-
tics do not help one understand trends that may occur over
time.

An improvement over the use of static descriptive statis-
tics is the use of inferential statistics and hypothesis testing.
For instance, the statistical hypothesis of no change may be
tested throughout a study area, and the resulting statistics
may be presented as a map. The mapping of the results of
statistical analysis is common. This is demonstrated in Tay-
lor and Loftis (1977) and Robinson et al. (1985.. Both refer-
ences demonstrate the mapping of predicted values and
residuals from regression analysis, allowing one to consider
the spatial relationships associated with the fit of a regres-
sion model.

If one wishes to explore statistically the relationship
among GIS coverages, then the GIS data sets may be linked
with other programs that possess more advanced statistical
capabilities. For instance, image processing systems may be
used to conduct principal components analysis of a raster
based spatial data set. Principal components analysis of mul-
titemporal spatial data sets has been used to reduce data re-
dundancy and identify critical time periods (VonEssen and
Walsh, 1989). Alternatively, one may transfer data from a se-
ries of GIS coverages to statistical packages, in order to con-
duct regression analysis among coverages (Ludeke et al.,
1990).

Rather than mapping the results of statistical analysis,
one may perform the statistical analysis with the GIS. A ras-
ter GIS that is capable of mathematical overlay, or map alge-
bra functionality as described by Tomlin (1990), can be used
to perform most calculations needed for statistical tests, The
use of a statistical test is one way of summarizing several
temporal coverages in a form which may be easily presented
visually, and provides a way to ebjectively view patterns of
spatial change.

A Spatial Change Methodology
The null hypothesis that no trend exists in a single variable
measured al multiple localions over time can be tested statis-
tically using the overlay operations common to geographic
information svstems. Such a hypothesis may be tested within
the vector GIS environment if comprehensive multitemporal
data exist on a feature basis. However, the use of a raster GIS
procedure to analyze multitemporal data is preferable if pol-
vgon identifications or boundaries change over time. The use
of a raster GIs allows the consideration of the trend at a spe-
cific location regardless of change in its identification or
group boundary.

A variable measured in geographic space may be spatially
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continuous or spatially discrete. The transition between loca-
tions may be smooth or abrupt (MacEachren and DiBiase,
1991). These characteristics of a spatial distribution affect both
the ways in which the variable may be represented, and the
types of spatial analysis techniques that may be used to study
the distribution. The use of a raster-overlay method to statis-
tically analyze spatial change is applicable whether the vari-
able of concern is spatially continuous or spatially discrete,
and whether changes are smooth or abrupt.

A variety of statistical tools are available to examine the
existence of trend. The most common method is simple lin-
ear regression. The standard use of linear regression, a para-
metric statistical technique, requires independent random
samples drawn from normally distributed populations (Tay-
lor, 1977). These requirements may not be met in a spatial
data set where systematic sampling or total enumeration has
been conducted, or if the statistical distribution of the data is
non-normal. Under these conditions, the use of a distribution-
free or non-parametric statistical test may be appropriate. In
particular, a rank test may be useful within a cartographic en-
vironment where categorical data are often collected.

The Mann-Kendall test is a nonparametric test for zero
slope of the linear regression of time-ordered data versus
time (Gilbert, 1987). It is an application of Kendall’s rank or-
der correlation test to time series data (Bradley, 1968). The
Mann-Kendall test is appropriate for trends in time series
data when the data may have a skewed distribution, may
contain missing values, may have values below specified de-
tection limits, or spatial and temporal correlation may exist
among data (Taylor and Loftis, 1989; Lettenmaier, 1988). The
insensitivity of the Mann-Kendall test to lack of normality is
important, both because of the potential for small sample
sizes, and because it is impractical to normalize the data for
each pixel location individually. Gilbert (1987) presents the
following procedure to calculate the Mann-Kendall trend sta-
tistic:

(1) List the data in the order in which they were collected over

time:

X, X, ..., X, where x, is the datum at time 7.
(2) Determine the sign of all n(n—1)/2 possible differences of

x,—x, where j > k. Let sgn(x,—x,) be an indicator function
that takes on the value of 1, 0, or —1 according to the sign

of x—x;:
sgn (x,-xJ) = +1 ifx—x0
sgn (x,—x) = 0 if x—x, =0
sgn (x—x) = -1 ifx—x.0
(3) Compute the Mann-Kendall Statistic:

n—i "
5= z Z sgn (x,—x,)
k=1 j=k+1

(4) Compare the value obtained with a tabled critical value for
a selected level of significance.

Reject the hypothesis of no trend if | S| is larger than the
tabulated value, and retain the hypothesis of no trend if | S|
is smaller than the tabulated value.

(5

In this case, the Mann-Kendall trend statistic is calculated
for each pixel location in a time series of raster GIS cover-
ages. To prepare the data, calculate a difference coverage for
all pairs of coverages, subtracting the earlier time period
from the later time period. For example, if one were consid-
ering four time periods, six overlay operations would be per-
formed, resulting in six new coverages: Time 2 minus Time
1, Time 3 minus Time 1, Time 4 minus Time 1, Time 3 mi-
nus Time 2, Time 4 minus Time 2, and Time 4 minus Time
3. Each difference coverage is then reclassified twice. The
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Figure 1. Jewett Brook Watershed: Agricultural land use,
1990.

first reclassification generates a binary coverage containing
the value +1 for all positive values in the difference cover-
age, and zero for all other values in the coverage. The second
reclassified coverage contains the value of —1 for all negative
values of the subtraction, and zero for all other values. Addi-
tion overlay is then used to sum the binary coverages for posi-
tive and negative values separately, vielding coverages con-
taining the total of negative values and the total of positive
values. A difference overlay is then effectively performed by
adding the coverage containing the negative total to the cover-
age containing the positive total. The result is a single cover-
age conlaining the Mann-Kendall trend statistic. A new cover-
age containing probability values is then generated using a
look-up table of critical values (see Hollander and Wolfe
(1973) or Gilbert (1987) for probability values of the Mann-
Kendall trend for trend). Finally, the data are reclassified in
order to indicate the test result for the hypothesis of no sig-
nificant trend, at a given level of significance.

Any trend analysis involving multiple coverages has to
contend with the potential for misregistration. If misregistra-
tion occurs, it is possible that change will be indicated where
none occurred, or vice versa. This can be a particular problem
if the coverages and the comparative computations are done
on a pixel-by-pixel basis.

There are two general types of misregistration that should
be anticipated. One type of registration error occurs when one
or more of the coverages do not represent exactly the same ge-
ographic area. The chance of this happening is minimized by
using the same map projection and map origin for each cov-
erage. Operationally. this can be accomplished by using a
common base map, or template, when building each cover-
age. However, if the coverages are imported from elsewhere,
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the use of a common control network will help reduce the
extent of misregistration among coverages.

The second major form of misregistration results when
boundaries designating different land-use or ownership poly-
gons are not accurately known or mapped. Pixels in the vicin-
ity of such boundaries are particularly subject to the indica-
tion of change when in fact there is none. To reduce the
potential magnitude of this type of problem, it is important to
first start with careful data collection methods, mapping boun-
daries as accurately as possible. Then, a pixel size should be
selected that is appropriate for the locational accuracy of the
data, It should be noted that, if the boundary locational er-
rors are random, the resulting false indications of change
will tend to mask the existence of any trends.

The analvst can never be assured that all forms of misre-
gistration have been eliminated. But if it does exist, a strength
of the pixel-by-pixel use of the Mann-Kendall trend statistic is
that any changes must be relatively consistent if a significant
trend is to be indicated.

Application of the Spatial Change Methodology

The spatial trend methodology was applied to a subset of the
land-use data collected by the St. Albans Bay Rural Clean
Water Program (RCWP) from 1983 through 1990. The St. Al-
bans Bay watershed is located in northwestern Vermont, 40
km north of Burlington. The watershed drains 13,000 hec-
tares of agricultural, forested, and urban land into St. Albans
Bay of Lake Champlain. St. Albans Bay has been experienc-
ing accelerated eutrophication due to the input of nutrients
from both point and non-point sources. The most significant
nonpoint source of pollution in the St. Albans Bay was be-
lieved to be surface runoff from dairy farms (VITRCWPCC,
1991).

The Jewett Brook watershed is an area of 1,384 hectares
at the north end of the St. Albans Bay watershed, representing
slightly less than 11 percent of the total watershed area. Ap-
proximately 85 percent of the land within the Jewett Brook
watershed is presently in agricultural use by 21 dairy farms
(see Figure 1). The remaining land is generally woodland or
residential.

As part of the St. Albans Bay RCWP, an intensive land-use
and water quality monitoring program was conducted by the
University of Vermont Water Resources Research Center. The
results of the water quality monitoring program suggested that
implementation of the recommended agricultural management
practices in the Jewett Brook Watershed did not result in sig-
nificantly improved water quality over the monitoring period
(VTRCWPCC, 1991; Meals, 1992a). The spatial trend method-
ology was applied to the Jewett Brook watershed animal waste
management data in order to investigate whether changes in
the spatial pattern of animal waste application occurred over
time, and if these changes could in some way have offset the
anticipated benefits from implementing the recommended ag-
ricultural management practices.

Data and Methods

Agricultural land-use monitoring of the Jewett Brook Water-
shed began in 1983. A map of the watershed identifying each
farm and field was prepared from 1:5,000-scale orthophoto-
graphs. A vector GIS was used to store farm and field bounda-
ries, land use, and land ownership. The coverage containing
land-use and land-ownership data was updated annually from
1983 through 1990 to account for crop rotation and fields be-
ing split, combined, or sold. A tabular database contained
more detailed information on agricultural activity, including
planting and harvesting dates, number and type of farm ani-
mals, and, most importantly for our research, the date, method,
and amount of manure applied on a farm field. Farmers in
the watershed served as the primary source of data for the
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monitoring program. Information collected from farmers re- Taete 1. TREND IN ANNUAL MANURE APPLICATION RATES

sulted in a database of agricultural activity on a field by field Watorshed Watershed Manured

basis, and eight annual land-use coverages. This database Dirastioinef Tiend Land (Ha) Land (%) Land (%)
served as the input for the spatial trend analysis.

The spatial trend methodology required that all locations ~ Downward Trend P<0.10 41 3.0 4.0
have data values for all time periods. However, data for one DU‘}'!‘W*”djm”ld P<0.20 3“ 5.8 8.0
or two farms for each year were usually missing. Missing EU ,},r_lf“(: :éﬁig ffl; 22; ?:’2
data generally accounted for 1 or 2 percent of the land area lJ:;\\-‘:li::(]lu'['rp_n(rl'*ﬁu 10 1’;” P ;5‘”
in a given year, and was always less than 6 percent of the Upward Trend P<0.20 294 1.4 20.6
land area. In these cases, missing data values were replaced Total Mantired Area 996 72.0 100.0
with data from the previous year; thus, the assumption was Non-Manured Area 389 28.1 —
that, if no data were available, the farmer did the same thing  Total Watershed Area 1,384 100.0 —

as in the previous year.

Manure application data were aggregated to an annual
total for each farm field. The annual total was converted to a
rate in tons per acre and added to the vector GIS coverage
containing the appropriate farm and field boundaries. These
vector coverages were then converted to raster coverages,
with each pixel representing an area of 256 square metres.
The raster coverage was then transferred to the raster geo-
graphic information system, which was used to conduct the
spatial trend analysis. The resulting Mann-Kendall trend cov-
erage was then transferred from the raster system back to the
vector system for display, overlay analysis, and final map

2b) significance levels. The inclusion of the P<0.20 level was
considered important for this data set because of the small
sample size (n=8 years). Shading also indicates those regions
that received manure during the project, but for which there
was no significant trend, and those regions that did not re-
ceive manure during the project period.

The intensity of agricultural practice in the watershed is
evident in Figures 2a and 2b. Seventy-two percent of the total
watershed area was used for animal waste disposal at some
time during the project period. As presented in Table 1, statis-

Prapanson: tically significant decreases in manure application rates oc-
curred on 41 hectares at P<0.10 and an additional 39 hectares
Results al a significance level between P<0.10 and P<0.20, for a total
Figures 2a and 2b represent the results of the analyses of of 80 hectares at P<0.2. Significant increases in manure appli-
trend in annual manure application rate in the Jewett Brook cation rates occurred on 129 hectares at P<0.10 or 294 hec-
watershed. Shading indicates the presence of an upward or tares at a significance level of P<0.20. No statistically

downward trend at the P<0.20 (Figure 2a) and P<0.10 (Figure significant trend was observed on 621 hectares at P<0.20.

__LEGEND

| NO MANURE APPLIED || NO MANURE APPLEED

& DOWNWARD TREND ZZ DOWNWARD TREND
[7] NO SIGNIFICANT TREND

\ B vPwaRD TREND \

(a) (b)

| NO SIGNIFICANT TREND

W PwaRD TREND

Figure 2. (a) Jewett Brook watershed 1983-1990: Trend in annual manure application rate (P<0.20). (b)
Jewett Brook watershed 1983-1990: Trend in annual manure application rate (P<0.10).
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TagLe 2. TREND IN ANNUAL MANURE APPLICATION RATE VERSUS DISTANCE TO JEWETT BROOK

Direction of Trend

Distance to Jewett Brook (Metres)

And Significance 50 100 200 500 Wws*
---- hectares (percent)

Downward Trend P<0.10 2(2.4) 4 (3.0) 10 (3.9) 23 (4.8) 40 (4.0)
Downward Trend P<0.20 2(3.8) 6 (4.7) 14 (5.7) 34 (7.0) 80 (8.0)
No Trend P<0.10 52 (77.9) 105 (78.8) 199 (80.3) 386 (79.7) 824 (83.0)
No Trend P<0.20 40 (60.5) 79 (59.5) 144 (58.1) 285 (58.9) 620 (62.4)
Upward Trend P<0.10 13 (19.7) 24 (18.2) 39 (15.8) 75 (15.5) 129 (13.0)
Upward Trend P<0.20 24 (35.7) 48 (35.9) 90 (36.2) 165 (34.1) 294 (29.6)
Mon-Manured Area 22 (24.4) 40 (23.3) 73 (22.7) 171 (26.1) 387 (28.0)
Total Buffered Area 89 (100) 172 (100) 321 (100) 655 (100) 1384 (100)

*WS = Total Watershed Area

When land not used for animal waste management is
eliminated from consideration, one finds that significant in-
creases (P<0.10) in manure application rate occurred on 13.0
percent of the land that was used for animal waste disposal
during the project period, and 29.6 percent of waste manage-
ment land showed an increase at a significance level of
P<0.20. Significant decreases (P<0.10) occurred on only 4.0
percent of the land used for animal waste disposal, with 8.0
percent of the waste disposal land indicating a decrease at a
significance level of P<0.20.

The analysis of the spatial data set summarized the tem-
poral dimension of the data, while preserving the spatial
component of the data, allowing further GIS analysis of the
results of the statistical overlay operation. For instance, agri-
cultural activity close to Jewett Brook has been found to be
more highly correlated with changes in surface water quality
than had agricultural practice at more remote locations
(VTRCWPCC, 1991; Meals, 1992b). Thus, it is useful to con-
sider trends in manure application rate with respect to loca-
tion in the watershed.

To investigate whether changes in manure application
rate tended to occur near Jewett Brook, or at more remote lo-
cations in the watershed, buffers around Jewett Brook were
created at 50, 100, 200, and 500 metres. The buffer coverages
were then overlaid with the Mann-Kendall trend coverage,
with the results summarized in Table 2. Increases in manure
application rate were found to have occurred more frequently
on land within 100 metres of Jewett Brook as compared to the
watershed as a whole, while decreases in application rate oc-
curred less frequently within 100 metres of Jewett Brook.
Within 50 metres and 100 metres of the stream course, annual
manure application rate increased (P<0.10) on 19.7 and 18.2
percent of the land, respectively, as compared to 13 percent of
the land across the watershed. At P<0.20, the increases in
manure application occurred on 35.9 percent of the land
within 100 metres of Jewett Brook, as compared to 29.6 per-
cent across the watershed. Decreases (P<0.10) in manure ap-
plication rate occurred on 2.4 and 3.0 percent of the land
within 50 and 100 metres of the stream course, as compared
to 4.0 percent watershed wide.

A further analysis of the Mann-Kendall trend coverage
was conducted to investigate whether trends in manure appli-
cation rates were associated with particular farms. Though the
initial analysis of trend in application rate deliberately ignored
farm and field designations and boundaries because they var-
ied over the course of the project, current farm boundaries
could be used to investigate trends in animal waste manage-
ment practice at the farm level. The coverage containing the
annual Mann-Kendall result was intersected with the 1990
land ownership coverage. This revealed that one farm was
responsible for increases in manure application rate on 38
hectares, or 29 percent of all acres, with a significant in-
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crease in application rate at p<0.10. This farm is located in
the center of the watershed at the junction of the two
branches of Jewett Brook. A review of the field logs for the
farm revealed that herd size consistently increased over the
project period.

Discussion

By applying a statistical test for trend to manure application
rate data, non-systematic or random variation in application
rate from year to year, and the cyclical changes in applica-
tion rate due to crop rotation, were filtered out, leaving only
those fields with real trends in application rate for further
consideration. Despite a sample size of only eight yearly cov-
erages, statistically significant trends were observed at the
P<0.10 significance level. A large multitemporal spatial data-
base was objectively and efficiently reduced to a smaller data
set that could be easily interpreted in both visual and tabular
format. Reduction of the multitemporal data to one coverage
representing trend allowed the use of overlay analysis to ex-
amine spatial characteristics of the location of trend. This al-
lowed identification of one farm as an important contributor
to the increase in application rates, and allowed the location
of significant changes in application rate within the water-
shed to be considered.

For the significance levels of the Mann-Kendall test to be
statistically valid, the technique presented assumes that, for
any given pixel, the different coverage values are independ-
ent. In the example presented, this assumption may be ques-
tioned because a farmer’s activities on a field are arguably
similar from one year to the next. However, the lack of inde-
pendence does not invalidate the general procedure. Though
the significance levels of the Mann-Kendall statistic are no
longer tied directly to probability theory, they are very useful
for identifying trends. Thus, the process, then, is useful for
detecting and presenting the spatial arrangement of trends,
except that now the classifications are not amenable to strict
statistical interpretations.

This methodology as presented herein requires that each
pixel location have the same number of data observations. In
addition, because each pixel is examined independently, the
variable for which trends are to be assessed must be standard-
ized across all of the pixels, so that any trends presented will
be comparable. Finally, the interpretation of the data can often
be made more meaningful by viewing the trend map along
with other statistical maps, such as maps of means and stan-
dard errors.

Conclusions

If spatial data collected over time are to be truly useful, the
conclusions presented must be both objective and persuasive.
A GIs-based method was presented to test for the existence of
trends in a spatially distributed quantitative data set. The




Mann-Kendall trend statistic was calculated at each pixel loca-
tion using overlay functions common to raster geographic
information systems. Other statistical tests could be con-
ducted in a similar manner. This type of analysis is an im-
provement over representation of change as either “percent
change” or through some type of “index of change” because
it assists in the objective analysis of the data set. The method
presented is robust in that it can be applied irrespective of
both statistical distribution (i.e., lack of normality) of the
data and the spatial distribution of the data (discrete or con-
tinuous). It is also robust to changes in boundaries occurring
over time.

The Gis-based statistical method was demonstrated using
a subset of the land-use data collected as part of the St. Al-
bans Bay Rural Clean Water Program. Assuming independ-
ence of the coverages, it was found that significant increases
in annual manure application rates over time occurred on 20
percent of the land within 50 metres of Jewett Brook that re-
ceived manure during the project period, compared with de-
creases on just 2 percent of the land within 50 metres of Jew-
ett Brook (P<0.10). Watershed wide, statistically significant
increases in manure application rates occurred on 13 percent
of the land receiving manure, and decreased on 4 percent of
the land (P<0.10). The observed increases in manure applica-
tion rates, particularly on riparian land, demonstrates that ag-
ricultural practices occurring in the Jewett Brook watershed
over the study period may have been working against im-
provements in water quality.

More generally, the existing numeric capabilities of a ras-
ter- or grid-based geographic information system can be used
to statistically analyze the relationships between spatial data
sets gathered over numerous time periods, and to identify spa-
tial patterns associated with change. By using a statistical test
value with known probabilities as a measure of change rather
than generating an arbitrary index of change, the method pre-
sented facilitates an objective analysis of the spatial data set.
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