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Abstract:

I developed an ecosystem integrity index by measuring environmental indicator variables in the area
surrounding and including Three Forks, Montana. I assumed that ecosystem integrity changes as a
function of land use. In upland areas, highway roadsides and native shrub rangeland ranked highest and
irrigated cropland and commercial sites ranked lowest in ecosystem integrity. In valley bottom areas,
forested riparian range sites ranked highest and commercial and industrial land uses ranked lowest in
ecosystem integrity. Average ecosystem integrity scores for land uses were transferred to a GIS format
map. [ combined data from aerial photos for the years 1965, 1979, 1984, and 1990 with ground surveys
in 1994, 1995, and 1996 to complete a time series of land use and ecosystem integrity. Historical
events were correlated with land use changes and the resultant change in the overall ecosystem
integrity of the study area. The institution of the Conservation Reserve Program had the greatest effect
on overall ecosystem integrity of the study area. An approach to assessing rangeland health using
visually estimated indicators of soil and vegetation condition was Compared to the ecosystem integrity
index. Visual estimates correlated with measured variables. Results were repeatable between samplers
16 percent of the time. Results need to be compared to a reference site for interpretation. I tested the
hypothesis that net radiation measured above the plant canopy is correlated to ecosystem structure and
ecosystem integrity. Net radiation and plant canopy volume were measured four dates from June 7 to
September 29 1996 across eight agricultural land uses. Net radiation was not significantly correlated to
plant canopy volume in any land use or significantly correlated to ecosystem integrity across land uses.
There may be different results if sampling occurs over more months of the year. I tested the hypothesis
that soil color value could be used to predict percent soil organic matter across different land uses
within the same landform. Regression models were developed that predicted soil organic matter to
within 0.5 percent 67 percent of the time in upland areas and 10 percent of the time in valley bottom
areas.
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ABSTRACT

I developed an ecosystem integrity index by measuring environmental indicator
variables in the area surrounding and including Three Forks, Montana. I assumed that
ecosystem integrity changes as a function of land use. In upland areas, highway roadsides
and native shrub rangeland ranked highest and irrigated cropland and commercial sites
ranked lowest in ecosystem integrity. In valley bottom areas, forested riparian range sites
ranked highest and commercial and industrial land uses ranked lowest in ecosystem
integrity. Average ecosystem integrity scores for land uses were transferred to a GIS
format map. I combined data from aerial photos for the years 1965, 1979, 1984, and 1990
with ground surveys in 1994, 1995, and 1996 to complete a time series of land use and
ecosystem integrity. Historical events were correlated with land use changes and the
resultant change in the overall ecosystem integrity of the study area. The institution of the
~ Conservation Reserve Program had the greatest effect on overall ecosystem integrity of
the study area. An approach to assessing rangeland health using visually estimated
indicators of soil and vegetation condition was compared to the ecosystem integrity index.
Visual estimates correlated with measured variables. Results were repeatable between
samplers 16 percent of the time. Results need to be compared to a reference site for
interpretation. I tested the hypothesis that net radiation measured above the plant canopy
is correlated to ecosystem structure and ecosystem integrity. Net radiation and plant
canopy volume were measured four dates from June 7 to September 29 1996 across eight
agricultural land uses. Net radiation was not significantly correlated to plant canopy
volume in any land use or significantly correlated to ecosystem integrity across land uses.
There may be different results if sampling occurs over more months of the year. I tested
the hypothesis that soil color value could be used to predict percent soil organic matter
across different land uses within the same landform. Regression models were developed
that predicted soil organic matter to within 0.5 percent 67 pércent of the time in upland
areas and 10 percent of the time in valley bottom areas.




Chapter 1

DEVELOPING AN ECOSYSTEM INTEGRITY INDEX FOR
AGROECOSYSTEMS AND RURAL COMMUNITIES

Introduction

The concept of ecosystem integrity has not been widely applied to land
management in rural agroecosystems (McKenzie, et al., 1992). Developing an
understanding of ecosystem iptegrity aﬁd ways to monitor it is a crucial componeﬁ’; to any
research program studying sustainability of agriculturé.l Though ecosystem monitoring has
faken place fo‘r many yeafs, (Dykstefhuis, 1949) few methods and frameworks exist for
producers and land managers to easily monitor trends in health of agroecosystems (Doran'
and Parkin, 1994). If the trend towar&s lower inputs in agricultural éystems is to 'succeed,

‘more intensive management must replace physical inputs. Monitoring tools need to be
developed to sustain gnd make more efficient use of resources (National Research
Council, 1994; Meyer, et al., 1992).

Obj ectiyes

The objéétives of this study were fo: i) Create an ecosyéteﬁ integrity (EIL) index
for measu;ing and assessing the integﬁty of rural and agricultural ecosystems in the
Northggn Rocky Mountains. 2) Assign an EI index score to each different land use

occurring in the study area surrounding thé town of Three Forks, Montana. 3) Create
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maps of land use in the study area in a GIS format for the years 1965, 1979, 1984, 1990,

1994, 1995, and 1996 based on aerial photos and on ground observations. 4) Create maps
of El in the study area based on the EI assigned to each land use in the time series of land

use GIS maps. 5) Interpret trends in EI over time and relate them to changes in land use.

What is Ecosystem Integrity?

There is no single definition for ecosystem integrity. The National Research Council,
1994 defined ecosystem integrity, as: “The degree to which the integrity of the soil and
the ecological processes of range land ecosystems are sustained.” In addition, they
recommepd that the term ‘range land health’ be used to indicate the degree c;f intégn'ty of
the soil and ecological processes that are most important in sustaining the capacity of the
range laﬁd’s to satisfy values and produce commodities.- Regier, (1993) described an
ecosystem with integrity with the following attributes: 1. Eﬁerget_ic, natural ecosystem
processes are strong and not severely constrained; 2. Self-organizing, in an emerging
évolving way; 3. Self-defending, against invasions by exotic organisms; 4. Robyst - with
cai)abilities in reserve, to survive and recov'er from occasional severe crises; 5. Attra(‘:tivve,‘
at least to informed humans; and 6. Productive, of goods .and opportunities valued by
humans.

Ecosystem health has also been defined as an ecosystem that ié ecblogically fit, able to
tolerate environmental stress, and free of pathogens that will affect its functioning and
longevity (Mouat et. al. 1992). The Envirc;nmentgl Protection Agency published a

working definition associated with the EMAP Project which states that an ecologically




3

sustainable agroecosystem maintains or‘ enhances its own long term productivity and
biodiversity, the biodiversity of surrounding ecosyster'r’ls, and the quality of air, water, and
soil (Campbell et. al. 1994). Kay (1991) noted that the coﬁcept of ecosystem integrity
must have an anthropocentric corhponent that reflects those changes in the ecosystem
considered acceptable to human observers. They went on to say that otherwise one is
restricted to defining ecésystem integh'ty as tﬁe ability to absorb envlironme‘ntai changé

. with out any ecos'ystem change: If an ecosystem maintains its orgarﬁzaitién in the face of
ghanging environméntal conditioné, then it has infegrity (Kay and Schneider, 1992).
Biological integrity is the capability of supporting and maintaining a balanced, integrated,
adaptive community of organisms having species compc.>sition and functional organization

comparable to that of the natural habitat of the region (Karr and Dudley, 1981).

. Biological integrity is the maintenance of the community structuf_e and function
’ / cﬁaracteristic ofa p'articular locale or deemed satisfactory to society (Woodley, 1993). A
thing is “right” when it tends to ‘preserve the integrity, stability and beauty of the biotic
community. It is “wrong” when it tends to do otherwise (Leopold, 1939).

Wickium and Davies (1995) argued that the concept (;f ecosystem integrity is a value-
laden coﬁcept and can only be based on the kind of ecosystem desired by sociéty. They
observed where no humans are present, the notion of health or integrity of an ecosystem
may be meaningless. It may be said that the integfity of an ecosystem is related to the

amount or type of impact society is willing to accept for that ecosystem (Regier, 1993,

Kay, 1993).
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Historically, high productivity dominated the societal view of what was preferred in a
managed ecosystem. Moniteripg has been directed accordingly (Meyer, et al., 1992). A
more recent trend has been towards environmental and economic optinlizatien as the |
reference point for land managers (Meyer, et al., 1992). The reference point, that society

“will accept for 'ecoeystefh integrity, is sustainability (Doran et al, 1996; Hofﬁnap and
" Carroll, .1'99'5; Becker and Ostrom, 1995). |

Sustainability must refer to the social as well as the biophysical component of an
ecosystem, especially in aéro'ecosystem's (Heck, et al, 1991, Rapport, 1992). Some land
uses are more appropriate and sustainable on certain landscapes than others are. The land
uses that maiﬂtain ecosystem function will be sustainable (Doran and Parkin, 1994).
Continuation of use of the land is possible if ecosystem integrity is maintained. Therefore
ecosystem integrity is peltially a function of iand use. We have arrived at a woricing
definition of ecosystem integrity that assumes that it is a continuous dependent variable
that is referenced by. an area with minimal non—naturel disturbance. High ecosystem
integrity is the state in which an ecosystem maiﬂtains and sustains its function at all trophic

levels and supports the continuous present level of human activity.

Monitoring Theory

There is a growing body of literature that exemines the selection of ecosystem or
integrity indicator rﬁeasurements. Mouat, et al. (1’9925 suggested three app.roaches or
criteria for assessing ecosystem health: identification of systematic indicators of
ecosystem funetional and etrucfural-integrity; measurement of ecological sustainability or

resiliency; and an absence of detectable symptoms of ecosystem stress. Ecosystems have
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been described as dependent on four main processes: water cycling, mineral cycling,
energy flow, and plant community succession (Savory, 1988). A monitoring system
based on this framework would include _méasurements that indicate the degree of
functioning of £hese four ecosystem processes. The National Research Council (1994)
listed three criteria for identifying ecosystem integrity: soil stability and watershed
function; distribution of nutrients and energy; and recovery mechaMSms.

Others Vh_ave attempted to reduce ecosystem integrity to simple measurements of
incoming and out-going energy as"an indicator of ecosystem structure necessaty to
process and degrade incoming solar radiation (Schneider and Kay, 1994). The
Environmental Protection Agency (Cambell, et al., 1994) has emphasized EI indicators
based én societall values. They identified EI assessment questions and indicators that
would determine quality of air, water and soil, ecosystem productivity; and biodiversity.

The study of soil health is much more déveloped in terms of field parameters
examined, than is the field of terrestrial ecosystem health. Various researchers have
published their lists of minimum data sets for indicators of soil health, (Doran and Parkiﬂ,
1994; Larsen and Pierce, 1991; Karlen and Stott, 1994). In agroecosystems where .
vegetation 'is regularly grazed or harvested, and soil is often disturbed, soil quality

measures can play a large role in determining the overall health of the ecosystem.

Selection of Indicators

No single property can be used as an index of ecosystem integrity (National Research
Council, 1994, Steedman and Héider, 1993) . Selection of indicators should be based on a

set of factors: the land use; the ease and reliability of measurement; variation between
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sampling times aﬂd across sampling area; the sensitivity c;f the measurements to changes in
management; and the skills required for use and interpretation (National Soil Survey
Center, 1996, Weaver and Forcella, 1979). EéolOgical indicators shoulci be sensitive to
anthropogenic stress and should be predictable in unperturbed systems (Frost, et. al.
1992). Keddy, Lee, and Wishél_l (1993) state that ecological indicators should be.
ecologically meaningful, indicate changes at the community scale, make sense when
measured across different community types, respond quickly to stresses, and be easy to
measure. Choice of indicators will almost always be related to regional data S_Qurces and

information needs (Steedman and Haider, 1993).

Materials and Methods

Our approach was to qﬁantify ecosystem integrity (EI) by selecting rr:leasures that
represented processes and structures that were important in maintaininé ecosystem
function. The processes governing EI were identified as the water cycle, minerél cycle,
and energy cycle (Savory, 1988, National Research Council, 1994). Structural
components were based on plant community structure and presence of aﬁimal‘ and
microbial organisms. We assumed that EI was determined by the degree that the water,
mineral and energy cycles and the structural components of the ecosystem were intact. We
assumed that each process had a set of specific measures or variables that assessed how |
intact that process was in the ecosystem under ariy particular land use. We assumed that
the degree of EI could be 'determined_ by recording a combination of variables m a

cumulative score and creating an EI index (Karr, 1993, Adamus, 1992). We based our
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method on the preponderance of evideﬁce approach suggested by National Research
Council (1994) to characterize as much of the ecosystem as possible. The list of variables
composing the EI index was edited down to the measures that were significant in

determining the EI index score (Meyer, et al., 1992).

Study Area

Sampling took pla(.:'e during June and July of 1995.and 1996 to correépond with
peak standing crop. The study area was a 67.5 km® area surrounding Three Forks,
Montana (popul.ation approximately 1,800). We realized early on that the ét‘udy area had
to be stratified so that environmental variation would not confound" the variation due to
land use. The sfudy area was stratiﬁed by landform .into upland sites and valley bottom
sites. A t-test conducted to compare the soil moisture contents of soil samples from
upland piots and va_iley bottom plots showed a significant difference and yalidated the
decision to stratify the sample sites. Thus, two separate EI indices were developed, one
for the upland area. and one for the valley bottom. Soils were silt léams from loess parent
material in the upland area, and loams to sandy loams from alluvium parent material in the
valley bottom. The study area receives an average of 30 cm of precipitation per year.

Sampling was conducted on a variety of land uses within the study area (Table 1).
Until approximately 1970, the dominant land use was cattle grazing on ;che native short
grass steppe. Native vegetation in the.upland was dc;minated‘by blue grama (Bouteloua
gracilis), and sagebrush (4rtemesia z‘ridentatd). During the 1970’s much of the upland
area was converted to wheat production. In the mid 1980’s the Conservation Reserve

Program (CRP) went into effect. This government program paid farmers to take land out
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of production and plant it to perennial ground covers. CRP lands were mostly planted to
crested wheatgrass (Agropyron cristatum) or a mixture of crested wheat grass and alfalfa
(Medicago sativa). In 1996, some CRP land was taken out of the government program

and grazed. Seeded range sites were grazed lands planted with Bosoyski Wild Rye

(Elymus giganticus).

Table 1. Land use classes sampled in the Three Forks study area.

Land use classes sampled Land form Number of
grid units
sampled

Valley bottom dryland hay valley bottom 1
Valley bottom commercial valley bottom 1
Upland commercial -upland 1
Conservation Reserve Program upland 8
Upland dryland hay upland 2
Dryland wheat fallow upland 2
Forested riparian valley bottom 3
Valley bottom grazed native range valley bottom 2
Upland highway roadside upland 3
Industrial : valley bottom 1
Irrigated alfalfa upland 1
Irrigated wheat upland 2
Non-forested riparian valley bottom 3
Residential valley bottom" 3
Seeded range upland 4
Native shrub range upland 5
Ungrazed valley bottom native range  valley bottom 1
Valley bottom highway roadside valley bottom 3

One upland dryland hay field was mixed native species, Medicago sativa and Agropyron
cristatum sampled after cutting in 1995 and before cutting in 1996. The other hay field

was planted with a mixture of Elymus giganiicus and Agropyron cristatum and sampled
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before cutting in 1995 and 1996. The irrigated wheat and irrigated alfalfa sites were

center pivot irrigéted. The wheat and fallow ﬁelds were rotated each year. The upland
commercial site was the parking lot of the local ﬂourrAnill.‘ The upland highway
embankment sites were reyegetated roadsides dominated by Agropyron cristatum, along
Interstate Highway 90 (constructed in 1972).

The historic use of the valley bottom sites has been caftle pasture. Forested riparian
sites were cottonwood groves (Populus tricocarpa) along the Jefferson river. Non ‘
forested riparian sites were low lying grassland areas subject to periodic flooding
dominated by Poa pratensis, Hordeum jubatum, and Juncus balticus. The ‘highway
embankment site was a revegetated roadside dominated by Agropyron cristatum, and
smooth brome (Bromus inermus) along Interstate Highway 90. The ungrazed sité,
dominated by Bouteloua gracilis and Agropyron smithii, \;vas the inﬁeld'portion of the
local airport that had been fenced off for at leaét the last 30 years. Boutaloua gracilis and
Agropyron smithii dominated grazed valley bottom range sites. The valléy botiom hay
field was planted to a mix of orchard grass (Dactyls glomerata) and timothy (Phleum
pratense). Residential plots were sampled in town running the main transect down the
center of a street, and sampllirllg in adjacent yards.and gardens. The co'mmefcial site was
main street and the industrial site was a talc processing plant. Native range sites and non
. forested riparian areas were distinguished by the presence of standing water.

‘The study area corresponded approximately to the aerial photo of Three Forks taken

in 1990 (Figure 1).
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The town of T:hree Forks is located in-the lower right corner of Figure 1. The Jefferson
River enters the photo in the lower left-hand corner and leaves the aféa in the mid_cﬁe of

the right hand éide‘ of the photo. The Jefferson River roughly marks the dividing liﬁe where
the study area was stratified between the upland and valley bottomland forms. The study
area was divided into a grid of 47 by 48 sample units of approximately 6.4 acres in size.
The following landmarks will help. to accurately register the 47 by 48 unit sample grid on
the aerial photo of Three Forks. The Mud Spring Road running diagonélly across the

upper right hand corner of the photo marks one boundary of the ;tudy area. The North
East corn_ér of the study area occurs at grid unit cell (2’1,,,15 at the intersection of Mud
Spring Road and highway 287. Sample grid unit (47,25) on the East i)oundary of the study
" area, corresp.o'nds to the intersection of Mud Spring Road and the abandoned railroad
gradé. |

Using aerial photos frorin 1965, 1§79, 1984,and 1990, each grid unit was clas'siﬁed into

a land use class (Table 1). Land use patterns were entered on a GIS map of the study area
for each year that aérial i)hotographs were available and for 1994, ' 1995 and 1996 when
the study site was ground sur'veyed.l Grid units selected for sampling included'la
representative sample of 2_111 land uses, and units that had changedlland use either 0, 1, 2, 3
or4 tirﬂes in the last thirty years. Th'? épatial distribution of sample grid units encompassed .
the entire the study area (Figure 1). Land owner cooperation detefmined accessibility to | :

potential sampling areas.
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- Sampling Procedure

In selected -grid units, a 150 meter baseline was gstablished to coincide with the
predominate land use class present iﬁ the unit. Sample transects were lo;;ated at 50, 100,
and 150 meters perpendicular to the béseliné. Six, 0.5 m” sampling frames were placed at
random along each sample fransect (Figure 2). A pilot study and subsequent analysis of
the running totals of the variances, determined the number of frames needed to be sampled
for each of the variables measured. The list of initial variables is shown in Table 2.

Ground E’over: The following categofies wel;e estimated in 18 sample frames per grid .
unit: bare soil, rock, litter, dead and‘ downed Wéod, animal pellets, and plant canopy
cover. Each percent cover category had the potential to reach 100%. Above ground
vegetation structure was characterized as the percent of canopy cover in 3 height classes:
0-0.5 m, 0.5-2.0 m and >2.0 m (Jensen, et al., 1992).

Plant Spec-ies Composition: Within 18 sampling frames per grid unit, all plants wefe
identified to species, and the percent cover by ,sbecies was noted (Debinski and Brussard,
1992). For each species the life form, either annual forb, annual grass; perennial ‘f’orb,
perennial grass, biennial forb, pérennigl shrub, or tree was noted. The Shannon Weiner
diversity index (Goldsmith, et al, 1986) was used to create a morphologi'cai diversity
index. Whether the plant was a native, crop or introduced weed was noted to calcﬁla‘te |
percent undesirable plants. In cropped areas, both native and exotic weeds vs}ere

" considered undesirabie; in native range sites, only exotic weeds were considered ‘

undesirable; in residential areas, only exotic weeds were considered undesirable.
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Plant species richness was simply the number of species pfesent in the grid uni£ found
in the 18 sampling frames and found outside of the sampling frames during the course of |
comple_ting the complete suite of measurements.

Standing Crop/ Above Ground Biomass: Present years plant growth (gfecn) was
clipped from six, 50 by 25 cm frames per' grid unit, dried, and weighed'to provide an
.estimate of nét primary productivity in the ecosy.;,tem (Singh, et al., 1975). Standing dead
plant biomasé was clipped, dried and weighed. Surface litter was picked off the ground,
dried, and weighed. In cropped areas we only c;lipped 3 frames per grid unit to minimize
the impact on the crop. Since vegetation was uniform in these areaé we did not expect to
decrease precision with a decrease in samples. In riparian woodlands, standing crop was
estimated using piént stem diameter and height and allometri.c relationships (Boggs, 1986).

~Pre§ent year production was estimated on shrubs by pulling off new leaves (Jensen, et al.,
1992). The live plant to lit.ter ratio was calculated from the average values of all frames
sampled in a grid unit.

Rosz Biomass: Five, systematically located soil cores of 10 cm depth and 2 cm
diameter, were taken within nine 0.5 m? sampling frames per grid unit to estimate root
biomass. (Milchupas and Lauenroth, 1989, Bartos and Sims, 1974, Coffin and Lauenroth,

1 1991). Once per week the root core samples were washed, sieved in a # 35 soil sieve, anci
set to dry in a 105° drying oven for 48 hours then -weighed. Results were expressed in
grams of roots per m” in the top ten ‘cm of soil

Soil Bulk Density: A 10 cm deep, 5 cm diame'ter soil core was extra;'sted and placed in

a sealed soil sample bag. Soil cores were taken adjacent to nine vegetation sample frames
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at each grid unit. Each soil core was taken _back to the laboratory, dried for 72 hours, and
weighed. Bulk density was calculai:ed as grams per cm’,

_ Water Infiltration rate: A six;ceen cm diameter PVC ring was pounded in’.co-the ground
adjacent to nine sampling frames per grid unit, and timing the infiltration of five cm of |
water poured into the ring. If infiltration time exceeded sixty minutes, the time was noted
as sixty-five minutes. Inﬁltratic;n time éxceeded 65 r;linutes in all of the commercial and
industrial plots, and in 38 out of 439 or 8.7 percent of the samples in all the other grid

" units. | |

Soil T emp?rature at 50 cm depth: A shallow pit is dug near six sémpling frames per
grid unit and a soil thérmometer is stuck in the shady side of the soil profile 50 cm down ’
from the surface (Munn and Nielson, 1979). . |

Soil Nutrient Analysis: Soil samples, from the nine bulk density cores per grid unit,
were pooled and analyzed for soil organic matter, total Kjeldahl nitrogen,‘ Olsen
phosphorous, potassium, and nitrate in the Moﬁtana State University Soil Analytical Lab
(Weaver and Forcella; 1979 Duxbury a.nd ﬁkambule 1994).

Soil Respiration: The open end of a one gallon tin (respiofneter) cén with a diameter
of 15.5 cm was pounded in the ground 2 cm deep adjacent to nine sample frames per grid
unit. A petri dish with 0.50 ml of 1M KOH solution was placed on a wire stand inside the |
tin can where the soil surface \.Jvas cleared of vegetation near the sampling frame. The
KOH solution was left exposed for 24 hours to measure evolved CO,. In each grid unit
control petri diS(;IéS wer’é placed inside cans sealed at both ends. The exposed solution

samples were taken back to the lab in sealed jars, titrated with 0.1M HCI (Lundegardh,
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1927; Anderson, 1973; Gupta and Singh, 1976). The net evolved CO, /fnz/day was

calculated according to Anderson, ( 1982).

Mammal taxons present: Pellet piles and burrows within 18 sampling frames per grid
unit were identified to finest taxonomic level possible and ;che number of distinct t.axons
preseﬁt in each grid unit was noted.

| Macro Arthropod taxons present. The numb?r of different macro arthropod taxons

present inside 18 sampling frames per grid unit waé noted.

'Analysis

The objectives of thé study were to develop an EI index' that-adequately represented
ecosystem stmct;lre and function; .chara‘cte'rize the EI of the studfy area by assigning an
ecosystem integrity score to each land use present in thé study area; .and ol;sewe the
trends in EI caused by changes in land use as documented from aefial Iﬁ)hotos‘from 1965, .

1979, 1984, 1990, and ground surveys in 1994, 1595,, and 1996.

We-initiated the process of developiﬁg an EI index for the upland area by identifying a
subset of variables that characterized the structure and function of each sample grid unit,
and also signiﬁcaﬁtly.con'éﬁbuted to an index of EI. To. accompiish the reduction in
variables we devisea a selection procesé that _began with a correlation analysis to
deterr'nir‘le which measurements were highly correlated with date of sampling. Correlation
wvalues significantly different from zero showed high temporal‘ variability and therefore
. were rejected as candidate variables for the EI index. |
Next, 'we used regression analysis to select variables that signiﬁcantly contributed to a

preliminary, unedited or “actual” EI index. To do this we a priori defined a desirable
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_c:ondition that we subjectively identified as maximizing ecosystem function for each
variable. For example we assumed that more éoil organic métte.r was related to highef EI
and a low proportion of bare soil was associatéd with high EI. We scaled all the variables
and calculated an aver.age.of all scaled variables to create the unedited actual EI index. We
then ran a series of regression analyses on each variable versus the unedited actqal EI
index designating the unedited actual EI index as the dependent variable. Significant
relafcionships (p < 0.05) indicated the variables that 'would Be used to create a refined
actual EI index. The analyses were conducted on data from all grid units sampled in 1995,
and then separately on all grid units sampled in 1996. This test provided a good
assessment of variable performance over a wide range of land uses and over two years
with diﬁ‘efent weather patterns. _

In order to further assess the effectiveness of each variable and reduce the number. of
variables used in calculating the actual EI index, a second series of regréssions were
performed using <;rﬂy variable scores from ten grid units that were sampled in both 1995
and 1996. Raw data variable scores were re-scaled using only data from resémpled grid
' _units. This test showed 'which variables were sigr;iﬁcant in both years over the same land
uses.

In addition, a coefficient of variation was calculated for each variable sampled in the

ten grid units that were sampled in 1995 and 1996 to find the variables with the least yéar

to year variation.
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The average of the absolute values' of the differences between years for a variables’ score
in all ten pairs of resampled grid units was divided by the mean score of the variable across
all ten pairs of grid units to give the coefficient of variation measure. Variables with a
(average difference divided by the sample mean) score less than one were.consider'ed' to
have low year to year variation. |

Variables that were signiﬂcént in at least two of the four tests (significant in 1995,
signiﬁcani: in 1996, significant in both years over the same land uses, and low coefficient of
variation) were used in constructing the edited actual EI index.

To maintain our pre_pondefance of evidence approach to measuring EI we checked
that the reduced variable set included measures describing the basic components of EI, i.e.
water cycling, energy cycling, mineral 'cycling, énd structural 'components. The reduced

set of variables was accepted if all four components were represented.

Referencéd El |

A second E,I index was created based on referencing each sampled grid unit relative to
the grid unit that séored the highest in the actual EI iﬁdex (Schneider, 199'2; Kay, 1993).
The reference grid unit was measured in 1995 and 1996 so that referencing wéuld not be
affected by temporal variation (Weaver aﬁd Forcella, 1979). Referencing for any given
vériable was accomplished by téking the absolute value of the difference between the

variable’s score in the base reference grid unit and the variable’s score in the grid unit
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under consideration, and dividing this difference by the variable’s score in the base
reference grid unit. This calculation provided a proportional difference between the
‘reference plot and ali ether grid ﬁnits for each variable. The referenced values were then
scaled. The scaled referenced values for each variable were averaged for each grid. units to
give a “referenced” EI score that served as a similarity index. In the referenced El index,
the base reference grid units always had a score of one and all other grid units had scores
that reflected their proportional similarity to the reference grid unit. -

The advantages of a referenced El index are no a priori assump’qions about optimum
values for individual variable measurements; ease of interpretability; one can see if the _
system is close to or far away from a closest approximation of a perceived sustainable
ecosystem; an ecosystem managerﬁent approach is maim.:ained when similarity to a
reference system is assessed (Costanza, 1992); variables can be added to the index thaf
have an optimum value between the maximum and rrummum observed in the study region;
plots from different. years can be compared to each other as long as the reference gﬁd unit
is measured each year.

The same foer tests used to select variables for the actﬁal EI index were used to
select variables for the referenced EI index. Therefore, van'able selection was based on
significant (p < 9.05) regressioes in 1995 and 1996 over a wid‘e'r'ange of land uses,
significance (p < 0.05) in both years in resampled grid units, and low (cv <1) year to year

variation based on coefficient of variation analysis.
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Assiening EI to Upland Land Use Classes

All plots from 1995 and 1996 were grouped by land use class. An average EI index
score, using the referenced EI index, was calculated for each land use class. The EI index
score for the base refefence plot was not included in calculating the average for its land

use class.

Valley Bottom K1

No.valley bottom plots were resampled in both 1995 and 1996. Assessing yéair to year
variation and significance of a variable in both years was not possible so a separate method
for determining significant variables was used. As in the upland, an EI index using actual
scores was first established. When a series of regressions was run for each variable versus
the unedited actual EI score, using EI as the dependent variable, an insufficient number of
variables were selected using standard statistical criteria (p < 0.05). A more leniept
criteria, p<0.12, was used to select variables for inclusion in the editea index. -As in the
upland, a referenced EI index was created, referencing all sampied grid units to the grid

unit with the highest actual EI index score.

Assigning EI to Valley Bottom Land Use;

All valley bottom grid units from 1995 and 199/6 were grouped by land use élass and .' :
an average EI index score, using the referenced EI index, was calculated for each land use
class. Tile EI index score for the base reference grid unit was not included in calculating

the average for its land use class. -
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Due to consideration of privacy, the maintenance of good will between I;roperty
owners and the research team, and'the scarpi_ty of residences in the upland area, only
residential areas in the valley bottom were measured. The new re;s,idential devel(;pment '
that appears on the 1996 land use map (ﬁgﬁre 19) is in the upland. EI values from the
valley bottom resident‘ial grid units were used to characterize EI as a best approximation in

the new subdivision even though it was located on the upland.

Creation of GIS Maps

The GIS land use maps. fér each year were created by manually entering, for each
sample grid unit, the Iana use codes derived from the aerial photos from 1965, 1979,
1984, 1990 or from the ground surveys from 1994,'1995, and 1996. EI index scores for
each land use class were categorized and eﬂtered as a separate layer of GIS maps for each
of the years. Overall EI for the study area was determined by multiplying each EI score
category by the number of cells occurring in that category. The result \;«Jas é time series of
land use change and change in ecosystem integrit); from 1965 to 1996 entered as separate

layers in a GIS format.

Comparison between averaged EI values for each land use class was not conducted
because the sample grid units were not sampled randomly due to access limitations and
due to the existence of few repetitibns of land use classes within the study region. Instead,

EI scores for land use classes were treated as a continuum from low to high EL
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Results

The objectives of the study were to create an EI index for -measui'ing rural and
agricultural ecosystems; assign an.EI indéx,score to each land use class in the study area;
create GIS maps of land use for 1965; 1979, 1984, 1990, 1994, 1995, and 1956; create
GIS mapé of EI based on the land use GIS maps; interpret trends in EI over time and

relate them to changes in land use.

The EI index

It w.as hypothesizéd that soil temperature at a depth of 50 cm would be an integrafing '
variable‘ for é_cogystem integrity. Lower temperatures would signify more energy
processingy Ey the ecosystem. Soil température ét 50 cm is not sﬁbj‘ect to diurnal
. fluctuation (Munn and Nielson, 1979). However, it was found to fluctuate over the days
of the months of June and July.. Correlation analysis showed a highly significant,
correlation (r =707, p< .055 between soii temperature at ﬁﬁy cm arid da_te of sampling. If
ali the plots were sampled for soil temperature on the same date, this measure might be
found to be useful ‘for measuring EI.Q ﬁo other measurements were sighiﬁ’cantly correlated

to date of sampling.

Upland EI index

Tllle process of selecting variables for the upland actual EI index is depicted in Table 2.
Using the initial set of variables; the four tests cond.ucted to reduce the number of |
variables composing the actual EI index showed: eight variables that signiﬁcantiy (p=0.05)

predi¢ted an EI. made from the initial list of variables using 1995 data; fourteen variables
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that significantly (p<0.05) predicted an EI made from the initial list of variables using

1996 data; six variables that were significant (p.<_0.05) in both 1995 and 1996 over a set
of resampled grid units; and sixteen variaBles that had coefficients of variation of the
between year diﬁ;erence in variable score <1. The final list of fourteen variables in Table 2
is compésed of variables that were significant in at least two out of the four tests. Using
this final edited iist of variables, an edited actual EI index was created. Grid unit 20 from
1995, which was also 1996 grid unit 15, a native range site, was selected as the base

~ reference grid unit for the upland area on the basis of having the highest .actual El index
score.

Table 3, shows the seleption process for variables for the referenced EI index for the
upland area. Using the initial set of variables to compose an unedited referenced EI index,
the fopr tests conducted to reduce the numbér of variables composing the referenced EI
index showed: thirteen variables that significantly (p<0.05) predicted the uneaited EI using
1995 data; twelve variables that signiﬁcanﬂy (p<0.05) predicted the unedited EI using
1996 data; four variables that were significant (p<0.05) in both 1995 and 1996 over a set .

of resampled plots; and seventeen variables that had coefficients of variation of the
_between year difference in variable score <1. The final list of variables in this table is
composed of fourteen vqriables that were significant in at least two out of the four tests.
Using ’?he final edited list of variables an edjtéd, referenced EI index was creélted for the
upland area. IThe final list of variables represented the three ecosystem ﬁJnctions; Water

cycling, mineral cycling, energy cycling, and ecosystem structure. However, several
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Valley bottom EI index

The process of selecting variables for the valléy bottom actual EI index is depictéd in
Table 4. Using the initial set of variables, two tests were conducted to reduée the number
of variables composing the actual EI index. Ten variables significantly (p<0.05) predicted
the uneditéd EI. However, these ten variables did not satisfactorily covered a broad range
of ecosystem strucfure and function. A moré liberal test was coﬁducted (p<0.12), and
sever;teen variables sign.iﬁcantly predicted the unedited EI. The final edited list of thirteen
variables had four redundant variables eliminated ﬁoﬁ the list, percent high canopy cover,
percent medium canopy cover, percent low canopy ‘cover, and li’gter biomass. The total
plant canopy cover variable and the .plant canopy diversity variable were thought sufficient
to characterize the plant cénopy. Percent leaf litter cover was retained as a variable
instead of litter biomass. Using this final edited list c;f variables an edited actual EI index
was created. Grid unit 12 from 1995, a forested riparian site was selected as the base
reference grid unit for the valley bottom area on the basis of having the highest actual EI
index score.

The process of selecting variables for the valley bottom referenced EI index is depicted
in Table 5. Using the initial set of variables, two tests were conduc’tedi to reduce the
number of variables composing the actual EI index. Fourteen variables significantly
(p<0.05) ﬁredictec‘l the unedited EI. These fourtgen variables did not satisfactorily cover a

broad enough range of ecosystem structure and function.
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The maximum extension of cultiyated farmland 'occurred in 1984. The feedlot near town
changed from industrial land use qlass to abandoned feedlot (Figure 14). The Consewation
Reserve Program (CRP) was established in 1986 and a large proportion of the study area
changed form dry land wheat farming to CRP and'is evi&ent in the1990 map CFigure 15).
Commercial development continued at the highway interchange, and a few scéttered rural
houses appeared in 1994 (Figure 16). The only changes in land use in 1995 were‘a few
new rural houses (Figure 1;7). In 1996, some land was taken out of CRP and turned into
seeded range. Other CRP land was developed into a subdivision (Figure 18).

Although the EI indices for the upland and the valley bottom were developed
separately, the EI scores for each land us‘,e. class were plotted on the same maps. The range
of scores was comparable betwéen the valley bottom and upland areas Bécause of the way
that the EI indices were calculated, as similarity indices of ‘scaled variables. When EI index
scores were cagegoﬁzed, several land uses were grouped in the samé EI category. Shrub
range was grouped with upland highway- roadside. CRP, seeded raﬂge, and upland
dryland hay all were grouped in the same EI category. Residential and ungrazed valle).l
bottom native range were grouped in the same EI category. For ease of interpretation, the
color gradient of EI, on the map legend, goes from indigo'at highest EI and follows the
colors of the rainbow to red at lowest EL |

In order to créate a single over-all EI value for the study area, the EI index séores for
each map unit were summed. In 1965, the over-all EI of the study area was 1052. The
relative proportions of land in dryland wheat production and shrub range were the major

influences on EI (Figure 19). The overall EI stayed about the same (1051) in 1979.






































































































































































































































































































































































