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Abstract 

The water levels of the Great Lakes fluctuate as much as + 1 m from their respective 
long-range mean elevations in response to changes in climatic conditions. Coastal wetland 
areas on each Great Lake expand or contract in response to the long-term water level 
fluctuations. The water level of the St. Marys River, a connecting channel between Lakes 
Superior and Huron, is largely controlled by the level of Lake Huron. The St. Marys River 
wetlands expand and contract in a fashion similar to wetlands on the lakes. Data on St. 
Marys River wetland areas were derived from historical aerial photographs and placed in a 
Geographic Information System (GIS) to analyze the effects of water level fluctuations. The 
GIS was used to measure wetland area changes between the years for which photographic 
data were available. Use of GIS allowed quantification of wetland area changes, estimation 
of response rates and description of inter-class transfer dynamics, for five coastal wetland 
classes influenced by long-term water level fluctuations. Published by Elsevier Science B.V. 
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1. Introduction 

Water levels of the Laurentian Great Lakes and their connecting channels rise 
and fall in predictable annual patterns related to the seasonal patterns of precipita- 
tion, runoff and evaporation. Variations of winter low levels to summer high levels 
average from 0.37 m on Lake Superior to 0.6 m on Lake Ontario (US Army Corps 
of Engineers, Detroit District, 1985). Lake levels also rise and decline in unpre- 
dictable multi-year patterns following long-term fluctuations of climatic conditions 
in and around the Great Lakes basin. Historically, the ranges of Great Lake 
annual water level averages have been from f 0.6 to 0.9 m from their respective 
historic means (US Army Corps of Engineers, Detroit District, 1985). 

The Great Lake long-term water level fluctuations have recurred approximately 
every 20-30 years. These fluctuations have broad influences on the areas of the 
wetlands situated along the lake and connecting channel shores (Jaworski et al., 
1979; Harris et al., 1981; Enslin and McIntosh, 1982; Busch and Lewis, 1984; Lyon 
and Drobney, 1984; Quinlan, 1985; Greene, 1987; Bukata et al., 1988; Williams, 
1995). The subject of this paper is the use of a Geographic Information System 
(GIS) to study the influences of long-term water level fluctuations on the wetland 
areas of the St. Marys River. The St. Marys River is a connecting channel between 
Lakes Superior and Huron that borders on the US and Canada. The river water 
levels are largely controlled by the levels of Lake Huron (Williams, 19951, such that 
wetland areas along the St. Marys undergo fluctuations corresponding to those of 
Great Lake wetlands. A GIS was used to measure area changes in five different St. 
Marys River coastal wetland classes. These area-change data were used to charac- 
terize wetland class responses to water level changes, to estimate response times 
and to examine how wetland class transfers were affected by water levels. 

Geographic Information Systems (GIS) offer excellent capabilities as tools for 
analysis of wetland changes caused by long-term lake level fluctuations. When 
accurate historical information on wetland areas and wetland characteristics is 
available in digital form, GIS change-detection algorithms can be employed to 
rapidly provide information on changes in wetland area and changes in wetland 
vegetation class associated with water level fluctuations. The following analysis 
demonstrates the application of such methods to analyze wetland changes due to 
long-term Great Lakes water level fluctuations. This analysis was conducted on a 
US Fish and Wildlife Service (USFWS) National Wetland Inventory digital data set 
on the wetlands of the St. Marys River. This analysis used ERDAS GIS software. 
Other GIS systems containing similar analytic software would provide similar 
results. 

The St. Marys River connects Whitefish Bay, Lake Superior with Detour Passage 
in northern Lake Huron. The wetland study area was directly south of Sault Ste. 
Marie, Michigan, from Little Rapids Cut at the northern end of Sugar Island, south 
along both sides of Lake Nicolet and along the east side of Neebish Island into 
northern Lake Munuscong (Fig. 1). The study area is covered by five United States 
Geological Survey (USGS) 1:24000 (7.5 min) quadrangle maps. 

The wetland types found in the study area are characterized as unconsolidated 
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Fig. 1. Location of St. Marys River study area. 

bottom, emergent wetland, unconsolidated shore, scrub-shrub wetland and forested 
wetland, using the USFWS classification system (Cowardin et al., 1979). These 
wetlands classes are commonly described in non-technical terms as river bottom, 
marsh, beach, scrub-shrub and swamp. 
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2. Methods 

Wetland classes and areas in the St. Marys River were determined by interpreta- 
tion of aerial photos from the summer seasons of 1939, 1953, 1964, 1978, 1982, 
1984 and 1985 (Table 1). The film types included black and white, black and white 
infrared, color and color infrared. The photo scales ranged from 1:12000 to 
1:58500 (Table 1). 

The aerial photos were acquired at seven different St. Marys River water levels 
(Table 1). These levels represented a broad sample of the wide range of water 
levels to which Great Lakes coastal wetlands are subjected. The August 1953 level, 
177.52 m, was within 20 cm of the all-time monthly high of 177.64 m (August 1952) 
at the US Slip gauge. The July 1964 level, 176.09 m, was within 25 cm of the 
all-time low of 175.86 m (December 1963). These aerial photos recorded the St. 
Marys wetlands at water levels that varied over a range of 1.43 m (176.09-177.52 
m) above the International Great Lakes Datum of 1955. This range allowed an 
analysis of the influence of water levels on the wetlands over a large part of their 
historic range. 

Wetland areas were quantified for each year of aerial photographs by the 
USFWS National Wetland Inventory contractor (St. Petersburg, FL) experienced 
with photo interpretation and identification of wetlands. The study area was also 
visited by the USFWS contractor. Initial interpretations were completed with an 
analog stereo plotter using the 1984 images. The plotter established geometric 
control and was used to correct any spatial inaccuracies found in the aerial photos. 
The interpreter viewed stereo pairs of photos and outlined the wetland boundaries. 
The other dates of photography were compared to the 1984 maps and boundary 
adjustments made with a Zoom Transfer Scope. The boundaries were plotted on 
USGS 7.5 min maps of the study area. 

Wetlands up to 800 m inland from the river shore were included in the analysis 
to incorporate wetlands that could be influenced by changing water levels.. This 
determination was based on USGS map elevations and mapped marsh areas. The 

Table 1 
Dates, scales, emulsions and average water level elevations of aerial photographs 

Month Year Scale Emulsion Monthly level 
Cm) 

Annual level 
Cm) 

July 1939 1:20000 Black and white 177.01 176.62 
August 1953 1:16000 Black and white infrared 177.52 177.19 
July 1964 1:16000 Black and white 176.09 176.16 
June 1978 1:12000 Black and white 176.74 176.84 
October 1982 1:58500 Color infrared 176.82 176.67 
September 1984 1:12 000 Color infrared 177.18 177.00 
October 1985 1:24 000 Natural color 177.43 177.20 
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photo interpreter assigned each wetland area to a type or class following the 
USFWS classification system (Cowardin et al., 1979; US Fish and Wildlife Service, 
1987). Data were summarized in wetland maps and tables of wetland areas 
reported by the USFWS Wetland Analytical Mapping System (WAMS). The 
USFWS used its GIS system to create GIS files of the wetland polygons in ELAS 
format, which could be read by ERDAS software (US Fish and Wildlife Service, 
1988; Williams and Lyon, 1991). 

The National Wetland Inventory provided maps and WAMS-derived tabular 
summaries. These were appropriate for completing some analyses. Further GIS 
analysis using the digital files, however, offered several advantages. First, the 
numerous wetland classes identified by National Wetland Inventory could readily 
be aggregated to simplify the analyses and to employ wetland classes used in 
comparable wetland studies on the Great Lakes. This was effective because of the 
large number of wetlands found on five USGS quadrangles and the aggregation 
was accomplished rapidly using the ERDAS software program RECODE. Other 
data sources on the St. Marys wetlands indicated that the unconsolidated bottom 
class included large areas with submergent vegetation cover than the USFWS 
definition of unconsolidated bottom (less that 30%). Much of the bottom of the St. 
Marys is vegetated (Liston et al., 19861, hence the unconsolidated bottom class 
included aquatic bed wetland (Cowardin et al., 1979). 

Because the tabular National Wetland Inventory summaries were completed on 
individual quadrangles, without a GIS it was necessary to sum changes in five 
separate quadrangles to determine change across the entire study area. Conse- 
quently, the GIS was used to combine the quadrangle areas into a single digital file 
to reduce the number of analyses. Six digital files (one quadrangle was divided into 
two digital files) from each year were combined into one mosaic. This provided 
seven mosaics of the study area corresponding to the 7 years of historical aerial 
photographic coverage: 1939, 1953, 1964, 1978, 1982, 1984 and 1985. The mosaics 
were created using the ERDAS GIS software program SUBSET. 

There were also slight discrepancies in the total study area measured in boththe 
tabular data and the individual digital files. Small areas were included in some 
years that were not in others. The GIS was used to establish an exact common area 
for each year so that year-to-year changes in wetland class and area could be 
determined more accurately. A GIS modeling package (GISMO) was used to 
create a mask, a sum of areas that were not common to the seven files, that was 
subtraced from each mosaic so the study area was precisely the same for each of 
the 7 years. Data on the area1 extent of each wetland class for each year were then 
obtained from the corrected mosaics (ERDAS BSTATS). This corrected discrepan- 
cies in total area between the seven data sets of up to 1%. Discrepancies in the 
ranges of the five wetland classes were reduced by as much as 3.8%. Rather than 
National Wetland Inventory tabular data, these quantities were then used in 
further analysis (Table 2). 

The GIS analysis also allowed for the spatial location of changes in wetlands. 
Analysis of tabular or other data did not allow such identification. Locating exactly 
where a change occurred was important to identifying other possible causative 
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Table 2 
Quantities of wetland classes calculated by GIS from mosaics (hectares) 

Year Unconsolidated Emergent Uncosolidated 
bottom wetland shore 

Scrub-shrub 

1939 5097.4 1248.7 348.7 352.5 178.7 
1953 5586.7 924.7 3.1 321.1 272.3 
1964 5100.5 1326.5 99.2 384.3 250.3 
1978 5611.2 899.8 9.2 341.4 281.2 
1982 5554.5 950.5 7.9 333.1 283.2 
1984 5601.1 909.3 1.6 339.9 281.7 
1985 5600.8 913.5 1.5 341.7 282.2 

Forested 
wetland 

Note: Mask included upland. 

factors for area changes such as vessel traffic in adjacent commercial navigation 
channels. 

Locational information can also be used with GIS cross-tabulation algorithms to 
examine the nature of wetland class changes. A transition matrix for the St. Marys 
River study is shown in Table 3. The matrix shows the net area changes that took 
place between wetland classes from one wetland state to the next. For example, the 
upper left cell in Table 4 indicates that 174.6 ha of unconsolidated bottom were 
gained in 1953 that had been emergent wetland in 1939. This matrix was used to 
examine some of the wetland class dynamics caused by fluctuations in the levels of 
the St. Marys River. 

2.1. Class-by-class analysis of area changes due to long-term water level changes 

The wetland class areas summed from the six-quadrangle mosaics of the study 
areas were used for analysis of the effects of water level fluctuations on the class 
areas. Regressions of class areas on water level were run for the wetland classes 
unconsolidated bottom, emergent wetland, unconsolidated shore, scrub-shrub wet- 
land and forested wetland. Initially, monthly mean water level from the US Slip 
gauge was used as the independent variable. Because wetlands do not respond 
immediately to water level change and area changes due to water level fluctuations 
may take months or years to be completed, another set of regressions was run 
using mean annual water level. Variations in the independent variable, average 
annual water level, for 1925-1985 from the US Slip gauge below the locks at Sault 
Ste. Marie are shown in Fig. 2. 

2.2. Accounting for lag times in wetland area changes 

Many observations on Great Lakes coastal wetlands (e.g. Jaworski et al., 1979; 
Busch and Lewis, 1984; Painter et al., 1988) have shown that wetland changes due 
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Table 3 
Transition matrix of wetland classes transfers developed from GIS cross tabulation (changes in 
hectares) 

1939-1953 1953-1964 1964-1978 1978-1982 1982-1984 1984-1985 

Changes in unconsolidated bottom 
EM 174.6 - 355.6 
us 287.8 - 77.7 
SS 18.5 - 28.3 
FO 0.4 2.1 
UP 7.7 - 26.5 
Changes in emergent wetland 
UB - 174.6 355.6 
US 24.5 - 10.9 
ss - 64.4 -2.4 
FO -48.9 29.1 
UP - 60.4 30.2 
Changes in unconsolidated shore 
UB - 287.8 77.7 
EM - 24.5 10.9 
ss -11.7 1.5 
FO - 1.2 0.1 
UP - 20.3 5.9 
Changes in scrub-shrub wetland 
UB - 18.5 28.3 
EM 64.4 2.4 
us 11.7 - 1.5 
FO - 59.3 3.8 
UP - 29.8 30.2 
Changes in forested wetland 
UB -0.4 -2.1 
EM 48.9 -29.1 
us 1.2 -0.1 
ss 59.3 -3.8 
UP - 15.3 13.1 

393.1 -60.5 39.6 - 1.8 
85.5 2.3 4.9 -0.3 
24.9 3.3 1.8 - 0.0 

-0.9 1.0 0.1 -0.1 
7.9 -2.8 0.2 2.0 

- 393.1 60.5 - 39.6 1.8 
2.3 0.1 0.5 -0.0 

- 13.9 -6.7 -3.5 0.1 
- 10.5 2.1 0.5 0.3 
- 11.2 -5.4 0.9 2.0 

-85.5 -2.3 -4.9 0.3 
-2.3 -0.1 -0.5 0.0 

1.1 0.1 0.5 -0.8 
-0.0 -0.0 -0.1 0.0 
-3.2 0.9 - 1.2 0.4 

- 24.9 -3.3 - 1.8 0.0 
13.9 6.7 3.5 -0.1 

-1.1 -0.1 -0.5 0.8 
- 11.2 -4.7 3.8 0.1 
- 19.6 -6.9 1.7 1.0 

0.9 - 1.0 -0.1 
10.5 -2.1 -0.5 
0.0 0.0 0.1 

11.2 4.7 -3.8 
8.3 0.3 3.0 

0.1 
-0.3 

0.0 
-0.1 

0.7 

Abbreviations: EM, emergent wetland; US, unconsolidated shore; SS, scrub-shrub wetland; FO, 
forested wetland; UP, upland; UB, unconsolidated bottom. 

to the rise or fall of water level may take several years to be completed. To gain 
some insight into how rapidly wetland areas might have adjusted to water levels a 
series of regressions was run using moving average water levels instead of monthly 
or annual average levels. These regressions were weighted average water levels 
consisting of the annual water levels of the years of the aerial photographs and 
annual levels from years prior to the photographs. The levels of the year the 
wetlands were photographed was given the greatest weight and the preceding years 
less and less weight. For a 2-year average the weights were 0.2 and 0.1; for a 3-year 
average 0.3, 0.2 and 0.1, etc. 
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Table 4 
Direction, rate and magnitude of wetland class changes 

Wetland class Regression results Area change 

+/- P< Years lag 

Emergent - 0.001 14 426 32 
Unconsolidated bottom + 0.001 15 514 9 
Unconsolidated shore - 0.05 22 347 99 
Scrub-shrub - 0.01 5 63 16 
Forested + 0.01 22 104 37 

Hectares % 

The standard linear regression equation used for annual mean water levels was: 

Y = a + b(X,,,) 

where Y = wetland area and X,,, = average annual water level. 
For weighted average water levels the regression equation was 

A = a + b(c,X, + czXt_, + . ..+ c,X,_,) 

(1) 

(2) 

where cl, c2...c, were weighting factors for the average annual water levels of the 
year of the photographs, the year before the photographs, etc., and the weighting 
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Fig. 2. Mean annual water levels from the US Slip gauge near the study area (m above ILGD ‘55). 
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factors were 0.2 and 0.1 for a 2-year regression, 0.3, 0.2 and 0.1 for a 3-year 
regression, etc. 

The coefficient of determination (r2) of the regression equation was maximized 
by adding yearly increments into the linear combination of levels. An optimal 
combination of water levels was selected for each wetland class based on the 
maximized r2. This optimum fit provided an estimate of the number of years that 
might have been relevant to the adjustment of each wetland class in the St. Marys 
River to the water level changes and therefore the importance of the water levels 
in the years preceding the measured growing season. 

3. Results 

3.1. Emergent wetlands 

For emergent wetland within the study area there was a 426 ha difference 
between the year with the largest area, 1964, and the year with the least area, 1978. 
This represented a 32% change, hence emergent wetland area varied by approxi- 
mately one-third (Table 4). The linear regression of emergent wetland area on 
monthly average water level was not significant. The regression of area on average 
annual level was significant (P < 0.05). This provided strong evidence of a relation- 
ship between water level and area of emergent wetland areas between 1939 and 
1985. As water levels rose, emergent wetland area decreased and as water levels 
fell, emergent wetland area increased. A number of other studies on Great Lakes 
emergent wetlands have shown this result (Jaworski et al., 1979; Harris et al., 1981; 
Enslin and McIntosh, 1982; Busch and Lewis, 1984; Lyon and Drobney, 1984; 
Payne et al., 1985; Greene, 1987; Bukata et al., 1988; Quinlan, 1985). The fact that 
the regression of area on monthly average level was not significant and the 
regression of area on annual average level was significant (P < 0.05, r2 = 0.64) 
suggested that the effect of water level on emergent wetland area took a growing 
season or longer to complete. 

The is a tendency for the water levels to be higher in the years of photography 
taken later in the growing season (Table 1). This cannot account for the differences 
in wetland area, however, because the dominant St. Marys emergent plants reach 
their maximum heights by July and plants of maximum height are still present in 
September and generally October (Liston et al., 1986). Scirpus acutus Bigelow 
shoots persist through the winter and are clearly visible protruding through the ice. 

Regressions were run for weighted annual water level averages incorporating 
water levels from 2 to 30 years previous to the years of the area measurement 
according to equation (2). The regression fit (r2) increased for each additional year 
accumulated through the 14th year. The analysis thus suggested that water levels in 
any given year could have influenced emergent wetland area for up to 14 years or, 
conversely, thatemergent wetland area was influenced by water levels of multiple 
years before its occurrence. At 14 years, the regression accounted for 99% of the 
variability (r2 = 0.991) and was statistically significant 0’ < 0.001). 
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The question of response time for changes in emergent wetland has not had 
much attention. Several investigators have postulated that it takes around 5 years 
for emergent wetlands to adjust to water level changes. Busch and Lewis (1984) 
used a 5-year weighted moving average to explain changes in a marsh in eastern 
Lake Ontario marsh and Painter et al. (1988) used a similar method to explain 
changes in Cootes Paradise on the western end of the same lake. The increase in 
r2 for regression using moving averages up to 14 years suggest that the emergent 
wetlands in the St. Marys River might take even longer to adjust to water levels. 
There is some rationale for supporting the hypothesis that these wetlands may on 
average take 5 years or more to complete adjustments to major water level 
fluctuations. It was clear from the seven sets of aerial photographs that distribution 
patterns of Scirpus acutus Bigelow were very stable. Some areas appeared not to 
have changed significantly from 1939 to 1985. Although they are not woody plants, 
many of the emergents in the St. Marys (e.g. Eleocharis smallii Britton, Spqunium 
eulycurpum Engelm., S. chlorocurpum Rydb. and Scirpus americanus Pers.) are 
long-lived perennials. Storage effects from low levels can occur as gains in colo- 
nized areas and increases in robustness and storage products in rhizomes. Subs- 
trate (Lyon et al., 1986) and topographic changes brought about by the water level 
changes may also take some time to complete. 

The regressions took into account both gains and losses and it is common sense 
to assume that losses of emergent wetland could occur quite rapidly in response to 
high water levels, certainly less than 14 years. Nonetheless, observations of cattail 
(Typhu sp.) responses to water level increases at Horicon Marsh in the state of 
Wisconsin, USA by Mathiak (1971) indicated that maximum die-off occurred in the 
4th and 5th years after exposure to high water levels. Given that some perennial 
marsh species are resistant to flooding and that the resistance is likely to vary from 
species to species, it is probable that responses to increased levels will vary from 
marsh to marsh depending upon species composition. There appears to be some 
evidence for this variation (Williams, 1995) 

The transition matrix shows some of the interclass transfers that took place 
between emergent wetland and other classes as levels changed. There were large 
changes from unconsolidated bottom to emergent wetland associated with the 
drops in water level from 1953 to 1964 and again from 1978 to 1982. There were 
also large transfers from emergent wetland to unconsolidated bottom during the 
level increases from 1939 to 1953 and again from 1982 to 1984. There were fairly 
large losses of emergent wetland in the 1939-1953 transitions to scrub-shrub, 
forested wetland and upland. These would not be expected from water level 
changes and were probably due to succession that occurred in spite of the level 
increases. 

3.2. Unconsolidu ted bottom 

There was a 514 ha change in area of unconsolidated bottom between the year 
with the largest area, 1978, and the year with the smallest area, 1964. This 
amounted to a 9% change in area. (Table 4). Unconsolidated bottom area re- 
sponded in a manner opposite to that of emergent wetland. Unconsolidated bottom 
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expanded during high water levels and contracted during low water levels; as water 
levels increased, unconsolidated bottom area increased. The regression of uncon- 
solidated bottom area on monthly water levels was not statistically significant. The 
regression of area on annual average level was significant (P < 0.05, r* = 0.55) and 
suggested that the effect of water level on unconsolidated bottom area also took a 
growing season or more to complete. 

A series of regressions was run for weighted average water levels for 2-30 years 
previous to the years of area measurement. The regression r* increased for each 
additional year up to 15 years. The analysis thus suggested that it takes several 
years before the effects of water levels on unconsolidated bottom are complete. At 
15 years, the regression (Table 4) accounted for 99% of the variability (r* = 0.995) 
and was statistically significant (P < 0.001). The similarity in lag time (15 vs. 14 
years) and the opposite response suggested a reciprocal connection between 
unconsolidated bottom and emergent wetlands. As water levels increased, many of 
the losses in emergent wetland area were probably attributable to gains in 
unconsolidated bottom and as water levels decreased the opposite exchanges 
probably occurred. This was supported by the information in the transition matrix 
in Table 3 discussed above. 

3.3. Unconsolidated shore 

Unconsolidated shore is by definition wetland with less than 30% coverage by 
vegetation and a hydrologic regime varying from intermittently flooded to intermit- 
tently exposed. The area of unconsolidated shore changed by 347 ha between its 
minimum and maximum. It varied by 99% of its maximum value (Table 4). There 
was a general decreasing trend until it nearly disappeared in 1984 and 1985. The 
data suggest that there was gradual colonization of areas that were nearly bare in 
1939, possibly because of some disturbance. Regressions of area of unconsolidated 
shore on both monthly and mean annual water level were not significant. 

As the regressions on weighted annual mean levels included more and more 
years prior to the dates of the photographs, the regressions became significant. The 
results suggested that water levels as early as 22 years prior to the date of the 
wetland area measurements may have had an influence on the amount of unconsol- 
idated shore wetland. The r2 of the regression reached a maximum of 0.75 with a 
weighted average that included 22 years of average annual levels prior to the area 
measurements (P < 0.05). Like emergent wetland and scrub-shrub wetland, un- 
consolidated shore decreased with increasing water levels and increased with 
decreasing water levels. 

The transition matrix (Table 3) shows that 288 ha of the dramatic loss in area 
from 1939 went to unconsolidated bottom in 1953. This occurred simply because 
the water levels went up; no vegetation change was necessary. There was also a 
large loss to unconsolidated bottom with the level increase from 1964 to 1978. 
Table 3 also shows significant losses of unconsolidated shore to emergent, 
scrub-shrub and upland in the 1939-1953 transition. These suggested changes due 
to succession rather than water level. 



374 D.C. ?Wlimns, J.G. Lyon /Aquatic Botany 58 (1997) 363-378 

Because the largest interchanges were between unconsolidated shore and uncon- 
solidated bottom, which occurred instantaneously with water level changes, the 
long lag period shown in the regression analysis does not appear reasonable. The 
regression correctly shows a reciprocal relationship between area and water level, 
but succession evidently played a significant role and complicated the water 
level-area relationship. 

3.4. Shrub-scrub wetland 

Scrub-shrub wetland area varied by 63 ha, approximately 16% of its maximum 
area (Table 4). The changes in scrub-shrub wetland were clearly influenced by 
water level as the regressions of both monthly and annual average’water levels on 
area of scrub-shrub were significant (P < 0.05). Scrub-shrub wetland area, like 
emergent and unconsolidated shore areas, decreased during higher water levels 
and increased during lower water levels. 

Changes in scrub-shrub wetland area appeared to develop rapidly in responseto 
water level changes. The r* reached a maximum with the regression that included 
only 5 years of weighted average water levels (r* = 0.86). The relationship was 
statistically significant (P < 0.01; Table 4). This suggested that it took just a few 
years for the St. Marys River scrub-shrub wetland vegetation to complete its 
expansions and contractions in response to water level changes, possibly not as 
long as emergent wetland. 

The transition matrix shows that there were characteristic losses of scrub-shrub 
to unconsolidated bottom during the 1939-1953 and 1964-1978 water level in- 
creases and a significant gain during the 1953-1964 water level decrease. There 
were also changes attributable to succession: the 59.3 ha loss to forested wetland, 
the 29.8 ha loss to upland and the 64.4 ha gain from emergent wetland. The same 
pattern of losses to forested wetland and upland and gains from emergent wetland 
is found in the 1964-1978 transition. Successional processes apparently have a 
significant effect in the scrub-shrub changes. 

3.5. Forested wetland 

Forested wetland varied by 104 ha from maximum to minimum area, a change of 
37%. The regressions of area on monthly and annual average water levels were not 
significant. 

The r*s of the regressions using forested wetland area on weighted average 
water levels increased (to 0.64) as yearly average levels were added through 22 
years prior to the date of the area measurements. With this lag, the regression was 
significant (P < 0.01). This suggested that water levels in any given year appeared 
to have had an effect on area of forested wetlands for as many as 22 years after 
they occurred. The regression was positive, i.e. forested wetlands appeared to 
increase during periods of high water levels. 

The latter outcome was not expected because woody vegetation is generally 
thought to be less tolerant to flooding than herbaceous vegetation (Keddy and 
Reznicek, 1985). Wetland trees are more tolerant than upland trees, however. An 
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increase in water levels can indeed result in an increase in the quantity of forested 
wetlands. While standing water or saturated soil will often kill upland trees, many 
of the facultative wetland plants will, according to their classification, grow in the 
presence or absence of standing water or saturated soils. Higher water over time 
will influence the presence of facultative wetland trees and allow their increased 
growth as compared to facultative upland trees. The species found near the St. 
Marys River are typically facultative wetland species. Moreover there is evidence 
for this from the 8.3 ha change from upland to forested wetland in the 1964-1978 
transition. It is notable that forested wetland areas remained consistent despite 
higher water levels in 1984 and 198.5 

The gains during low to high transitions can also in part be explained by 
succession. Table 4 indicates that the largest gain in the 1939-1953 transition is 
from scrub-shrub (59.3 ha), followed by emergent wetland (48.9). The same pattern 
of gains is found in the 1964-1978 ‘high to low’ transition; gains are mostly from 
scrub-shrub (11.2 ha) and emergent wetland (10.5 ha). 

The forested wetland changes from 1953 to 1964 were puzzling, however. Indeed, 
13.1 ha of 1953 forested wetland area came from upland and 29.1 ha were lost to 
emergent wetland, the opposite of succession. An explanation may be found in the 
timing of the large water level increase that was affecting the 1953 wetlands. Fig. 2 
shows that St. Marys River levels were in the 3rd year of a high level spike that 
lasted 4 years. That spike could have caused some areas of upland to change to 
forested wetland and also caused the ultimate loss of some forested wetland area 
to emergent wetland and scrub-shrub, but not so rapidly as to be visible in the 
1953 photographs. The loss may have been either not evident, i.e. the trees were 
dead but still standing, or the loss may have occurred in the next few years. The 
successional changes did not show up until after 1953, however. 

The regression data for forested wetland is at best ambivalent. The transition 
matrix indicates that forested wetland increases occur even during transitions from 
low to high levels as successional processes, i.e. conversion of emergent wetland 
and scrub-shrub to forested wetland. These are not driven by high water levels, 
hence the association of larger forested wetland areas with higher levels shown in 
the regression is probably an artifact of the timing of succession. Large areas of 
emergent wetland and scrub-shrub wetland evidently developed during a long 
period of low water in the 1930s (Fig. 2). These in part ‘succeeded’ to forested 
wetland despite the high levels in the early 1950s. 

4. Discussion 

Because a GIS is a convenient tool for manipulation of mapped data, it 
simplified development of data sets that could be used in data analysis. Of 
particular interest in this context was the use of a transition matrix derived from a 
GIS cross tabulation. The matrix showed interclass transfers from wetland state to 
wetland state. In this study, the transitions matrix was particularly useful in helping 
to identify successional effects and distinguish them from water level effects. 
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If the r2 of the regressions were taken as a measure of how much variability in 
the data is due to the regression, the r2 then provided a measure of how much of 
the variability in each wetland class area was due to changes in water levels. This 
suggested that most of the variabilities (r2 = 0.99) in the areas of both unconsoli- 
dated bottom and emergent wetland were due to water level fluctuations. A 
significant part of the variability in scrub-shrub wetland was also due to level 
fluctuations in the St. Marys (r2 = 0.86). By statistical measures, there were 
apparently other important factors affecting unconsolidated shore (r2 = 0.74) and 
forested wetland (r2 = 0.78). 

The transition matrix was useful in identifying strong evidence of successional 
trends in these wetland classes by allowing quantification of interclass transfers. 
The matrix also provided a basis for suggesting that the association found in 
regression between high water levels and increased forested wetland was probably 
anomalous. 

There are several factors that cold not be accounted for in this study that may 
have affected conclusions concerning the wetland class area changes. Accuracy of 
photo interpretation by the USFWS contractor may have affected data accuracy. 
There may also have been human influences on area changes. Some of these 
shores may at one time have been farmed, forested wetlands may have regrown in 
areas previously cut down for agriculture. Filling in some areas was visible from 
changes in the photographs between 1953 and 1978, causing losses of wetland not 
due to level fluctuations. 

5. Conclusion 

Using a GIS for a wetland change detection study proved to have several 
advantages over manual methods for use of historical photographs, such as map- 
ping and measuring areas with a plane planimeter and use of overlays. Some of the 
data in this study could have been derived from the tabular data supplied by the 
National Wetland Inventory. The tabular data was in effect a National Wetland 
Inventory GIS product, however, and would have been produced from the authors 
GIS had the mapping and digitization not been completed by the National Wetland 
Inventory. 

GIS use allowed creation of mosaics of all study USGS quadrangles, greatly 
reducing the number of necessary analytic operations. It provided a means of 
quickly establishing an accurate common area of study for each year of wetland 
mapping. It provided a means of rapidly aggregating wetland types to convenient 
wetland classes. It provided an efficient method of measuring historical wetland 
class changes based on archived aerial photographs. The change measurements 
could then be used in conjunction with the historical water level data to understand 
how water level changes affected wetland class changes between 1939 and 1985. 

Finally, GIS use allowed rapid development of locational information. Digital 
maps of areas in which emergent wetlands were lost provided information on 
potential losses besides water levels, such as the proximity of commercial naviga- 
tion channels. Cross tabulation provided the capability to develop a transition 
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matrix that allowed quantification of class-to-class changes between wetland states 
in 1939, 1953, 1964, 1978, 1982,1984 and 1985. These data were particularly useful 
in confirming expected change patterns and in explaining changes that were not 
intuitive. Hence this study indicates that GIS and historical aerial photographs can 
be used effectively in tandem to study how water level changes affect wetland class 
areas. These properties of Great Lake wetlands are important to know, not only 
because they provide a better understanding of wetland processes, but also in view 
of the prospect of Great Lakes water level regulation changes, or the adoption of 
more extensive regulation of the levels of the Great Lakes and connecting 
channels. 
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