than in the 1950's. In both quads the wetland resource in 1979 was largest, indicating a gain
from the 1950's to 1979, followed by a loss from 1979 to 1989 (fig. 44). The anomalously large
area of emergent wetlands in the Lake Stephenson quad in 1979, however, is primarily the
result of photointerpretation (see previous section on possible photointerpretation errors).
Although wetlands may have increased in size during 1979 because of abnormally high
precipitation, the 3,700-acre increase shown by the 1979 data for Lake Stephenson is
unrealistic. The net increase from the 1950's to 1989 in this quad was less than 500 acres.
Quads with the largest net losses from the 1950's to 1979 are generally the ones with large
losses discussed previously for the 1950's to 1989 period. They are Virginia Point, Hitchcock,
Sea Isle, Hoskins Mound, Texas City, and Cove (fig. 44). The range in net loss in these areas is
about 2,400 to 5,800 acres. This downward trend did not necessarily continue in each quad
during the 1979 to 1989 period. In fact, the data show that in four of the six quads net gains
occurred between 1979 and 1989 (Cove, Hitchcock, Sea Isle, and Virginia Point). Losses
continued in Hoskins Mound and Texas City.

Scrub-Shrub and Forested Wetlands
Scrub-shrub and forested wetlands, together, increased in area over the two periods. Total area
of these resources increased from 5,470 acres in the 1950's to 7,880 acres in 1979, to
8,220 acres in 1989. The scrub-shrub wetland habitat decreased from about 3,430 acres in the
1950's to 2,300 acres in 1979; it increased to about 2,570 in 1989. Mapped forested wetlands
showed a systematic increase from about 2,040 acres in the 1950's to 5,580 acres in 1979 to
5,650 in 1989.
Major areas of scrub-shrub and forested habitats are confined to about four or five quads
(fig. 45). These habitats commonly occur in the valleys of major rivers and streams, for example,
the Trinity River (Anahuac and Cove quads), the San Jacinto River (Highlands quad), and Oyster
Creek and Oyster Bayou (in quads of the same name).
Systematic trends are recognized in Cove and Anahuac quads where scrub-shrub wetlands
decreased over each period, while forested wetlands increased (fig. 45). In the Highlands quad,
which encompasses part of the San Jacinto River valley, scrub-shrub and forested wetlands,
together, increased from the 1950's to 1979, and from 1979 to 1989. Over the latter period,
maps of the Highland quad indicate an increase of scrub-shrub and forested wetlands from about
200 acres in 1979 to more than 800 acres in 1989. In the Oyster Creek quad, forested areas
increased systematically from about 450 acres (1950's) to 650 acres (1979) to 675 acres (1989).
In two areas (Oyster Bayou and Morgans Point), the 1979 scrub-shrub and forested wetland
resources are considerably larger than in the 1950's and 1989 (fig. 45).

Estuarine Aquatic Beds
Estuarine aquatic beds could not be adequately mapped on the 1979 aerial photographs because
of abnormally high tides and turbidities. For a discussion on changes, see the section on trends
for the 1950's to 1989.

PROBABLE CAUSES OF WETLAND LOSSES AND LOCAL GAINS

The causes of wetland losses include both natural and artificial factors. Among them are relative
sea-level rise (subsidence + eustatic sea-level rise) and draining and filling of wetlands for
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Figure 45. Areal extent of scrub-shrub and forested wetlands in the 1950's, 1979, and 1989, for
16 quads in which these wetlands were most abundant.
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agricultural, transportational, industrial, residential, commercial, and recreational purposes.
Various activities can have a direct and indirect impact on wetlands (table 7).

Emergent Wetlands
As noted in the previous section on trends in wetland distribution, extensive losses occurred in
estuarine and palustrine emergent wetlands, or marshlands. Net losses approximated
35,000 acres from the 1950's to 1989. Gross losses, exclusive of offsetting gains in other areas,
are considerably larger, approximately 88,500 acres. It should be noted that much of this gross
"loss" is not a true loss in marsh area, but rather reflects a change in wetland classification, as for
example, from palustrine emergent to estuarine emergent.
Much of the marsh loss (approximately 26,450 acres) was due to conversion of these areas to
open water and flats (fig. 46; also figs. 35 and 36). Although many activities (for example,
reservoir development and dredging) may lead to this kind of conversion on a localized scale,
there is evidence that the major contributing factor in this change is relative sea-level rise, the
major component of which is subsidence. Local wetland losses due to subsidence in the
Galveston Bay system have been reported in other studies (Johnston and Ader, 1983; White
and others, 1985; White and Calnan, 1991; McFarlane, 1991b).
The threat of relative sea-level rise to wetlands can be stated very simply: if emergent wetlands
do not build vertically at a rate that is equal to or greater than the rate of sea-level rise, then
the wetlands will ultimately drown and be replaced by "barren" shallow subaqueous flats or
open water. The rate at which marshes build or aggrade is influenced by many variables
including sediment supply, tidal range, frequency and duration of flooding, type of vegetation,
storm frequency, and subsidence (Oenema and DeLaune, 1988). The highest rates of marsh
aggradation or vertical accretion may exceed 10 mm/yr, but generally, the rates are lower
(table 8). Subsidence-related losses in vegetated wetlands also may result from encroachment of
saline waters into fresh-water marshes.
Because of the apparent importance of subsidence and sea-level rise in wetland loss on a
regional scale in the Galveston Bay system, it has received special attention in the following
discussion.

Subsidence and Sea-Level Rise
Relative Sea-Level Rise
Relative sea-level rise as used here refers to a rise in sea level with respect to the surface of the
land, whether it is caused by actual sea-level rise or land-surface subsidence; the current general
trend along the Texas coast, and in the Galveston Bay area, involves both of these processes
working together.
It is generally accepted that over the past century sea level has been rising on a worldwide
(eustatic) basis at a rate of about 1 to 1.5 mm/yr, with a rate in the Gulf of Mexico and
Caribbean region approximating 2.4 mm/yr (Gornitz and Lebedeff, 1987). Adding "natural"
compactional subsidence to these rates yields a relative sea-level rise that locally exceeds
10 mm/yr (Swanson and Thurlow, 1973; Penland and others, 1988; table 8).
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Table 7. Major causes of wetland loss and degradation. Modified from Tiner (1984) as compiled
from Zinn and Copeland (1982) and Gosselink and Baumann (1980). Relative importance of causes
in the Galveston Bay system shown in parenthesis.
HUMAN THREATS
Direct:

Indirect:

1. Drainage for crop production and expansion of upland rangeland
(Major)
2. Dredging and stream channelization for navigation channels, flood
coastal housing developments, and reservoir maintenance
(Moderate)
3. Filling for dredged spoil and other solid waste disposal, roads and
highways, and commercial, residential and industrial development
(Moderate)
4. Construction of dikes, dams, levees and seawalls for flood control,
water supply, industrial purposes, irrigation and storm protection
(Major)
5. Discharges of materials (e.g., pesticides, herbicides, other pollutants,
nutrient loading from domestic sewage and agricultural runoff, and
sediments from dredging and filling, agricultural and other land
development) into waters and wetlands
(Undetermined)
6. Mining of wetland soils for sand, gravel, peat, and other materials
(Minor)
1. Sediment diversion by dams, deep channels, and other structures
(Undetermined)
2. Hydrologic alterations by canals, spoil banks, roads and other
structures
(Undetermined)
3. Subsidence due to extraction of groundwater, oil, gas, sulphur, and
other minerals
(Major)
4. Salt-water intrusion resulting from indirect threats noted above
(Undetermined)
NATURAL THREATS

1. Subsidence (including natural rise of sea level)
(Minor)
2. Droughts
(Undetermined)
3. Hurricanes and other storms
(Undetermined)
4. Erosion
(Moderate)
5. Biotic effects (e.g., muskrat, nutria and goose "eat-outs")
(Undetermined)
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Figure 46. Bar graph showing the area of emergent wetlands (marshes) that were converted to
other types of habitats and land uses between the 1950's and 1989. The most significant single
change (>26,000 acres) in these categories was from emergent wetlands to areas of open water
and barren flat. Changes of marshes to upland categories total about 35,800 acres.
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Table 8. Marsh aggradation (vertical accretion) rates measured in coastal Louisiana and Texas,
and along the United States Atlantic coast. Modified from Boesch and others (1983).

Location
Louisiana
Deltaic Plain

Marsh type
Freshwater
streamside
backmarsh
Intermediate
(Spartina patens)
streamside
backmarsh
Brackish

Marsh
accretion
rate (mm/yr)

10.6
6.5

Mean sea-level
rise (mm/yr)
Source
11.0
Hatton and others
(1983)
Hatton and others
(1983)

13.5
6.4

Hatton and others
(1983)

(Spartina
patens)

streamside
backmarsh
Saline
(Spartina
altemiflora)

streamside
backmarsh

Chenier Plain

Salt-brackish
(Spartina patens)

Texas bayhead
deltas

Colorado River
Saline

14.0
5.9
13.0

DeLaune and
others (1978);
Baumann (1980)

12.0

Baumann and
DeLaune (1982)
White and Calnan
(1990)

13.5
7.5
7.0

Spartina
altemiflora

backmarsh
Trinity River
Brackish

7.5

White and Calnan
(1990)

Alternanthera
philoxeroides

backmarsh

5.4

Georgia

Spartina
altemiflora

3-5

Delaware

Spartina
altemiflora

5.0-6.3

3.8

Spartina
altemiflora

2.5-6.3

2.9

Spartina
altemiflora
Spartina patens

8-10
2-5

2.5

Spartina
altemiflora

2-18

3-4

New York
Connecticut
Massachusetts
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7.5

Summarized by
Hatton and others
(1983)
Summarized by
Hatton and others
(1983)
Summarized by
Hatton and others
(1983)
Summarized by
Hatton and others
(1983)
Redfield (1972)

Man-Induced Subsidence
Rates of natural subsidence are dwarfed by rates associated with man-induced subsidence, which
is a major factor in the relative sea-level rise equation in the Galveston Bay area (fig. 47). The
major cause of man-induced subsidence is the withdrawal of underground fluids, principally
water (Winslow and Doyel, 1954; Gabrysch, 1969; Gabrysch and Bonnet, 1975). Production of
oil and gas can also cause subsidence (Pratt and Johnson, 1926; Kreitler, 1977; Verbeek and
Clanton, 1981; Kreitler and others, 1988). Extreme local subsidence has occurred in relation to
sulfur mining around salt domes along the Texas Coast (Ratzlaff, 1980; Mullican, 1988).
According to Gabrysch and Bonnet (1975), subsidence due to withdrawal of ground water from
an artesian aquifer results from a decrease of hydraulic pressure and attendant movement of
water from clays to adjacent sands leading to compaction of the clays. Most of the compaction is
permanent because of the inelastic nature of the clay; thus, even with total recovery of
artesian pressure, less than 10 percent rebound can be expected (Gabrysch and Bonnet, 1975).

Subsidence in the Houston-Galveston Area
In the Houston-Galveston area, up to 3 m (10 ft) of man-induced subsidence has occurred
between 1906 and 1987 (Gabrysch and Coplin, 1990) (fig. 48). Subsidence of more than 30 cm
(1 ft) encompasses an area of approximately 2,330,000 acres. The subsidence "bowl" stretches
from north of the Highlands quad to the south where it merges with a smaller bowl with as
much as 1.8 m (6 ft) of subsidence centered on Texas City (fig. 47). Another smaller subsidence
bowl centered on Freeport extends into the Oyster Creek and Christmas Point quads at the
south end of the study area (Ratzlaff, 1980).
Rates of subsidence have varied both spatially and temporally (Gabrysch and Coplin, 1990;
McFarlane, 199 Ib; Zimmerman and others, 1991).. Average maximum rates of subsidence at the
center of the "bowl" have been as high as 122 mm/yr (0.4 ft/yr) for the period 1964 to 1973
(Gabrysch and Bonnet, 1975). Gabrysch and Coplin (1990) reported that the rate of subsidence
in the eastern part of the region (Pasadena area) decreased from about 90 mm/yr (0.3 ft/yr)
from 1973 to 1978 to approximately 9 mm/yr (0.03 ft/yr) from 1978 to 1987. However,
subsidence in the western part of the region increased from a maximum rate of about 61 mm/yr
(0.20 ft/yr) during 1973 to 1978 to about 67 mm/yr (0.22 ft/yr) during 1978 to 1987. The
decline in subsidence rates in the eastern part of the region was due to curtailment of groundwater pumpage and the subsequent rise in aquifer water levels, whereas the acceleration in
subsidence in the western part of the region was due to a continuing decline in aquifer levels as
ground-water pumpage increased to the west (Gabrysch and Coplin, 1990).

Faulting and Subsidence
In some areas, faulting and subsidence may be accompanied by active surface faults. The major
zone of surface faulting along the Texas coast is in the Houston-Galveston area where
95 linear mi (150 linear km) of faulting has been reported (Reid, 1973; Brown and others,
1974). Surface faults correlate with, and appear to be extensions of, subsurface faults in many
areas (Weaver and Sheets, 1962; Van Siclen, 1967; Kreitler, 1977; Verbeek and Clanton, 1981).
Most of the surface faulting in the Houston metropolitan area has apparently taken place
during the last few decades (Verbeek and Clanton, 1981), largely due to fluid withdrawal (water,
oil, and gas), which has reinitiated and accelerated fault activity (Reid, 1973; Kreitler, 1977;
Verbeek and Clanton, 1981).
The range in measurable vertical displacement of surface traces of faults is from 0 to 3.9 m
(12 ft) (Reid, 1973). Rates of fault movement commonly range between 5 and 20 mm/yr
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Figure 47. Land-surface subsidence in the Galveston Bay area, 1906 to 1987. Subsidence
contours (contour interval = 1 ft) are from Gabrysch and Coplin (1990).
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Figure 48. Effects of subsidence near the head of Galveston Bay at Baytown.
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Figure 49. Example of the effects of subsidence on woodlands along the San Jacinto River in
the Highlands quad. Site located about 0.6 mi (~1 km) northwest of field site 31-4 (fig. 11).
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(0.2 and 0.8 inch/yr) (Verbeek and Clanton, 1981), but many exceed 40 mm/yr (1.6 inches/yr)
(Van Siclen, 1967; Reid, 1973; Everett and Reid, 1981). Movement along surface faults
apparently occurs episodically (Reid, 1973). Highways, railroads, industrial complexes, airports,
homes, and other structures placed on active faults in the Houston area have undergone
millions of dollars of damage annually (Clanton and Verbeek, 1981).

Effects of Subsidence and Faulting on Wetlands
Subsidence in the Houston-Galveston area has had a significant effect on wetlands 0ohnston
and Ader, 1983; White and others, 1985). One of the most dramatic examples of habitat losses
(wetland and upland areas) due to subsidence is along the San Jacinto River. More than
1,389 acres of fluvial woodlands (fig. 49), swamps, and marshes were displaced by open water
between the 1950's and 1979 (White and others, 1985) (fig. 50). The lower reach of the San
Jacinto River, near its confluence with Buffalo Bayou and the Houston Ship Channel, is near
the heart of the subsidence bowl (fig. 47).
The change in habitats along the lower San Jacinto River valley is pronounced because of the
proximity of the valley to the center of maximum subsidence. However, wetlands associated
with other streams and valleys located around the Trinity and Galveston Bay systems are also
changing as a result of human-induced subsidence and accompanying relative sea-level rise.
Faults have affected wetlands in several areas in the Galveston Bay system (White and others,
1985). As vertical displacement occurs along a fault that intersects a marsh, more frequent and
eventually permanent inundation of the surface on the downthrown side of the fault can lead
to replacement of marsh vegetation by open water if marsh sedimentation rates do not keep
pace with submergence rates (fig. 51). This has occurred at several locations along the upper
Texas coast as exemplified by a marsh system on the bayward side of Bolivar Peninsula, where
approximately 1,230 acres of salt-water marsh was replaced primarily by shallow subaqueous
flats and open water (fig. 52). In this area, at least two surface faults intersect marsh substrates.
Benchmark releveling profiles along State Highway 87 indicate the faults are active; a marked
increase in subsidence occurs on the downthrown side (fig. 53). More than 25 faults that cross
wetlands along the upper coast (Freeport area to Sabine Pass) have been identified on aerial
photographs. Most of the identified faults are in the Galveston Bay project area (White and
others, 1985) (fig. 22, for example).

Subsidence-Related Losses in Emergent Wetlands
Transformation of emergent wetlands, or marshes, to areas of water and flats has occurred to
some degree throughout the study area (fig. 54). Total loss across all quads has exceeded
26,000 acres, accounting for about 30 percent of the total loss (gross loss excluding gains was
about 88,500 acres) in the Galveston Bay system. This type of conversion, from vegetated to
nonvegetated areas, has been most pronounced in 15 quads in which more than 800 acres of
marshland per quad was lost (fig. 36). Not all of this loss can be attributed to subsidence, but
throughout the region as a whole, subsidence has been documented as the major contributing
factor to the replacement of emergent wetlands by open water and flats.
At the head of the list is Virginia Point, where more than 3,600 acres of marshland was replaced
by open water and mud flat between the 1950's and 1989. Losses in the Virginia Point area
have previously been reported by Johnson and Ader (1983), White and others (1985) (fig. 55),
and Tremblay (1992). Significant subsidence has been documented in this area (Gabrysch and
Coplin, 1990) (figs. 47 and 56). Loss of marshland has been most extensive northwest and west
of Jones Bay, where salt marshes have been converted to estuarine unconsolidated shore
(E2US, intertidal flat) and estuarine unconsolidated bottom (E2SB, open water) (fig. 56).
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Figure 50. Changes in distribution of wetlands between 1956 and 1979 in a subsiding segment
of the San Jacinto River (Highlands quad). From White and others (1985). Among the changes
are a loss in forested areas (fig. 49).
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Figure 51. Block diagram of changes in wetlands that can occur along an active surface fault.
There is generally an increase in low marshes, shallow subaqueous flats, and open water on the
downthrown side of the fault relative to the upthrown side.
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Figure 52. Changes in distribution of wetlands between 1956 and 1979 near Marsh Point on the
bayward side of Bolivar Peninsula. Increases in the areal extent of open water and decreases in
the areal extent of marsh are apparently related to localized subsidence and active faults (D =
downthrown side of fault, U = upthrown side). From White and others (1985).
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Figure 53. Land-surface subsidence profile based on benchmark-releveling data along
Highway 87 on Bolivar Peninsula. The increase in subsidence along the profile indicates that it
crosses an active fault, probably an extension of the fault with the NE-SW strike in figure 52.

96

Figure 54. Map of 7.5-minute quads showing the geographic distribution and extent (in acres) of
emergent-wetland losses resulting from displacement by open water and flats between the
1950's and 1989. Losses in the Cove and Virginia Point quads each exceed 3,000 acres.
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Figure 55. Changes in the distribution of wetlands between 1956 and 1979 near Jones Bay and
Swan Lake. Note increase in open water at the expense of marshes in 1979. From White and
others (1985).
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Figure 56. Relationship between subsidence and losses in emergent wetlands (shaded) by
conversion to water and barren flats in the Virginia Point quad. Contours (in feet) show amount
of subsidence that occurred between 1906 and 1987 (based on maps from Gabrysch and Coplin,
1990).
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Additional losses occurred along the margins of Swan Lake (fig. 56). Open water and flats also
encroached into marshes in the adjacent Hitchcock quad. Approximate land-surface subsidence
in the Virginia Point quad from 1906 to 1987 ranged from slightly less than 0.6 to 1.8 m (<2 to
6 ft) (fig. 56). Estimated rates of subsidence in the area northwest of Jones Bay for the period of
1943 to 1987, exceed 14 mm/yr (0.05 ft/yr) Gabrysch and Coplin (1990). This rate apparently
was higher than rates of marsh aggradation in this area. On Galveston Island across West Bay
from Virginia Point, there is also evidence that subsidence rates locally exceed marsh
aggradation rates (Zimmerman and others, 1991).
The League City quad offers another example of the effect of land-surface subsidence and the
subsequent intrusion of open water and shallow flats into vegetated wetlands (fig. 35). Losses in
emergent wetlands along Armand Bayou exceeded 91 percent of the resource between the
1950's and 1979 (McFarlane, 1991b), so there was little additional change in this area between
1979 and 1989. The League City quad (fig. 57) is representative of the trend occurring along
the valleys of bayous and creeks located on the north and west sides of Galveston Bay. The
trend is one of expansion of open water and flats at the expense of marshes and woodlands, as
subsidence promotes the encroachment of estuarine water up the valleys. The development,
locally, of marshes along the valleys in more inland and marginal areas represents only a small
fraction of the total amount of marsh lost
The Trinity River delta (Anahuac and Cove quads) is another area where extensive areas of
emergent wetlands have been converted to open water and intertidal flats (figs. 58 and 59).
The magnitude of this change in the Anahuac and Cove quads exceeds 4,300 acres for the
period 1953 to 1989 (fig. 36). About 60 percent of the change can be attributed to
submergence related to subsidence. Approximately 40 percent of the change in emergent
wetlands is due to construction of a power plant cooling reservoir (>2,500 acres in size) south of
Cotton Lake in the Cove quad (fig. 59). In the delta and alluvial valley as a whole, subsidence
appears to be a significant contributing factor to marsh loss at least up to the 1970's. Based on
subsidence maps (Gabrysch, 1984), White and Calnan (1990) estimated subsidence rates in the
delta to be about 6.5 mm/yr for the period 1943 to 1978. Subsidence rates from 1943 to 1973
may have approached 7.5 mm/yr (based on maps in Gabrysch and Bonnet, 1975). Estimated
rates of marsh aggradation (from lead isotope analysis) over the past 50 to 100 years in the
Trinity River delta average 5.4 mm/yr, and range as low as 4.2 mm/yr (White and Calnan, 1990).
The higher rates of subsidence compared to aggradation suggest that subsidence is a contributing
factor to the marsh loss. Rates of marsh aggradation (sedimentation) may have declined through
time as a result of reductions in marsh sediment supply from upstream reservoir development
(Paine and Morton, 1986; White and Calnan, 1990). However, the rate at which marshes are
being lost in the Trinity River delta appears to have decreased during more recent periods
(1974 to 1988; White and Calnan, 1990). This change in rate may be due partly to the sharp
declines in rates of subsidence on the east side of the subsidence bowl after 1978 as a result of
reductions in the pumpage of groundwater (Gabrysch and Coplin, 1990).
Conversion of marsh to open water and flats along active faults has occurred in several areas
including Bolivar Peninsula in the Frozen Point and Caplen quads (figs. 52 and 60). At least two
active faults in this area have contributed to changes (exceeding 1,000 acres of marsh loss);
emergent vegetation has been submerged and replaced by open water and shallow subaqueous
flats on the downthrown side of the faults (figs. 51, 52, 53, and 60). Other portions of the
Galveston Bay system, where changes in wetlands are related to active faults, include areas in
the following quads: Lake Stephenson, Flake, Virginia Point, Hoskins Mound, Christmas Point,
and Oyster Creek (figs. 40 and 61).

Losses Caused by Erosion
Shoreline erosion contributes to the conversion of vegetated wetlands to open water.
Subsidence and sea-level rise are among several processes contributing to shoreline erosion in
the Galveston Bay system (Paine and Morton, 1986). Marshes are the dominant type of
100

Figure 57. Relationship between subsidence and losses in emergent wetlands (si
conversion to water and barren flats in the Clear Lake area, League City quad. Coi
feet) show amount of subsidence that occurred between 1906 and 1987 (based on n
Gabrysch and Coplin, 1990).
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Figure 58. Changes in the distribution of vegetated areas (in black) in the Trinity River delta
from 1930 to 1988. White areas represent water and barren flats. Note loss in vegetated areas
after 1956. From White and Calnan (1990).
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Figure 59. Distribution of emergent wetlands (marshes) (shaded areas) in the Trinity River delta
(Anahuac and Cove quads) that were displaced by water and barren flats between the 1950's
and 1989. Note similarity between shaded areas in this figure with white areas in preceding
figure. The extensive shaded area south of Cotton Lake is the site of a power plant cooling
reservoir.
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Figure 60. Losses in emergent vegetation (shaded areas) on Bolivar Peninsula (Frozen Point and
Caplen quads) due to encroachment of open water and barren flats between the 1950's and
1989. Note similarities between this figure and the 1979 map in figure 52. Losses in wetlands
are apparently associated with active faults that intersect marshes in this area (fig. 52).
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Figure 61. Simplified illustration of a fault that intersects Gordy Marsh in the Lake Stephenson
quad. Marshes and ponded water characterize the downthrown side of the fault (D). From
White and others (1989). Subsidence along the fault has apparently contributed to expansion
and local losses in wetlands between the 1950's and 1989 (fig. 40).
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shoreline, accounting for 61 percent of the total length of shoreline bordering the bay-estuarylagoon system (Morton and Paine, 1990). Approximately 78 percent of the shorelines are
erosional. Average rates of erosion have increased from 1.8 ft/yr between the 1850's and 1930,
to 2.4 ft/yr between 1930 and 1982 (Paine and Morton, 1986).
The estimated rate of marsh loss due to erosion of Galveston Bay primary shorelines (i.e.,
excluding losses along Intracoastal Waterway shorelines and interior wetland shorelines) is
46.5 acres/yr for the period 1930 to 1982 (Morton and Paine, 1990). This translates to about
2,400 acres of marsh loss over this 52-year period. This magnitude of loss, while occurring over a
longer period than investigated here, represents 9 percent of the total acreage of emergent
wetlands converted to open water and flats from the 1950's to 1989. Rates of erosion have
increased during more recent periods (Paine and Morton, 1986; Pulich and White, 1991).

Local Gains in Wetlands Related to Subsidence
Mapped distributions of wetlands indicate that losses are offset to some degree by gains. In fact,
a substantial amount of 1950's uplands, more than 20,000 acres, was mapped as emergent
wetlands in 1989 (figs. 37 to 39). Part of this increase was due to photointerpretation. But
increases in some areas, for example the Anahuac National Wildlife Refuge (Frozen Point and
High Island quads), are partly the result of the implementation of extensive water management
programs for waterfowl habitats (Jim Neaville, USFWS). The artificially flooded modifier (k) was
used with seasonal or semipermanent water regimes to identify these managed marshes. This
situation apparently applies to the substantial increase (almost 2,000 acres) in emergent
wetlands inland from the east end of East Bay in the Frozen Point quad (fig. 37). Some upland
rice fields abandoned after the 1950's were mapped as palustrine emergent wetlands. In
addition, a large transitional area, mapped as uplands in the 1950's (and 1979), became
primarily a palustrine emergent wetland habitat (PEM) in 1989 (fig. 39).
Development and expansion of wetlands in some areas appear to be associated with subsidence
and faulting. Changes toward wetter conditions occur as land-surface subsidence drops surface
elevations thereby increasing the frequency and duration of inundation. Transitional areas and
uplands with gently sloping surfaces that grade into adjacent intertidal wetlands are prime
candidates for this type of conversion. Among the areas where such changes have occurred is
Gordy Marsh in the Lake Stephenson quad. On the landward margin of southwestern extension
of the marsh system, both faulting (fig. 61) and subsidence have apparently contributed to the
expansion of marshes into areas previously mapped as uplands (fig. 40). Other probable
examples (possible among many) of subsidence-related marsh expansion include parts of
Galveston Island (fig. 41), and the area near Salt Lake in the Oyster Creek quad (fig. 42).
Conversion of uplands to wetlands is negligible in areas characterized by rapid rates of
subsidence and steep upland gradients.
Although newly established wetlands provide some measure of offset to net wetland losses in
terms of area, there is not necessarily a corresponding offset in terms of immediate functional
value. Some researchers suggest that several years of development may be necessary for newly
formed marshes to reach overall functional equivalency to older marshes (Minello and
Zimmerman, 1992).
Other Causes of Major Losses in Emergent Wetlands
Many losses and changes in wetland habitats are caused by processes or activities other than
subsidence (table 7). Among human activities in the Galveston Bay system that have a direct
effect on wetlands and can be quantified to some degree through photoanalysis are:
construction of levees and dams to impound water; excavation (dredging) for purposes such as
navigation, flood control, and mineral (sand) extraction; drainage for conversion to other land
uses such as agriculture; and filling for purposes of spoil disposal or residential-commercialindustrial development. These kinds of activities will be the focus of the following discussion.
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Indirect losses due to such activities as chemical discharges, hydrologic alterations, and sediment
diversion cannot adequately be determined through photoanalysis and will only be mentioned
as possible contributing agents in some changes. Natural changes such as goose and nutria "eatouts," which can cause direct losses in emergent vegetation, could not be adequately assessed.
Activities causing direct changes that were assessed through photoanalysis can be classified into
two broad categories: (1) activities that convert emergent wetlands into flats and open water
such as constructing impoundments and dredging (excavating) and (2) activities that convert
wetlands into uplands such as draining, altering hydrology, and filling. For these latter types of
activities (those that convert wetlands to uplands) the type of land use (urban, spoil,
agriculture, and rangeland, for example) is the focus of the analysis and discussion.

Impoundment and Excavation of Wetlands
Conversion of emergent wetlands to open water and flats in many areas has been caused by
processes or activities other than subsidence. For example, the largest contiguous loss of
marshland in the Galveston Bay system occurred at the site of a cooling reservoir
(approximately 2,500 acres) in the Cove quad (figs. 58 and 59). Almost 2,200 acres of wetlands,
of which more than 1,500 acres were mapped as marsh on 1950's photographs, were replaced
by open water impounded by the reservoir (fig. 59).
Losses due to construction of reservoirs and impoundments occurred in many other areas but
on a smaller scale. For example, inland from East Bay in the Lake Stephenson quad, impounded
areas replaced portions of a brackish marsh (see shaded area east of lake in fig. 35).
Six quads were analyzed using the 1950's and 1989 data to provide a partial measure of the
magnitude of changes in emergent wetlands caused by impoundments and excavations. Special
modifiers assigned to impounded (h) and excavated (x) areas on the 1989 map series provided
the necessary classification to make the analyses. The map areas analyzed are Anahuac,
Christmas Point, Cove, Lake Como, Texas City, and Virginia Point. In these six quads, more than
3,300 acres of marsh in the 1950's was replaced, by 1989, with water and flats at impounded
and excavated sites. The largest impact resulted from the cooling reservoir in the Cove quad
(fig. 59). The palustrine emergent habitat was the class most heavily affected in the six quads,
accounting for 53 percent of the area. This large impact on the palustrine system occurred
primarily because the cooling reservoir in the Cove quad was located in an area mapped as
palustrine emergent on 1950's photographs. Estuarine emergent wetlands represented about
33 percent of the impacted emergent habitats, and undifferentiated mixtures of emergents and
flats (E2EM/FL or E2EM/US) the remainder.
Second to the Cove quad in terms of total area affected by impoundments and excavations was
Virginia Point, where about 900 acres of emergent wetlands (PEM, E2EM, and E2EM/FL)
existing in the 1950's were replaced by water and flats at impounded and excavated sites
(fig. 62). Total wetland losses caused by channel dredging was larger than this because of
associated filling of adjacent wetlands to produce upland sites for urban development. These
associated impacts due to upland development are included with acreages presented in the
following section on conversion of wetlands to upland urban areas.
Obviously, impoundments and excavated areas produced gains in water habitats and locally
emergent wetland habitats. They also are responsible for local expansion and creation of new
vegetated wetlands. For example, an impoundment for water and habitat management by the
USFWS in the Frozen Point quad has expanded the total acreage of emergent wetlands in that
quad. The overall affect of impoundments and excavated areas, however, appears to be one of
net losses in emergent wetlands.
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Figure 62. Distribution of emergent wetland habitats (shaded) in the 1950's that became
excavated or impounded areas of open water and barren flats by 1989 in the Virginia Point
quad. Excavated channels for existing or proposed residential developments surround Jones
Bay, and industrial impoundments characterize the area northwest of Swan Lake in the Texas
City area.
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Conversion of Wetlands to Uplands
As mentioned in the analysis of trends section of this report, large areas mapped as emergent
wetlands on the 1950's photographs were mapped as uplands on 1989 photographs (and 1979
photographs). The magnitude of this change is approximately 35,800 acres from the 1950's to
1989 (fig. 46). Some of the change is undoubtedly due to photointerpretation (see section on
possible errors in photointerpretation), but much of the change appears to be real. The
wetland system and class most heavily impacted by this type of change is the palustrine
emergent wetland class (fresh-water or inland marshes). Among methods that are used to
convert wetlands to uplands is construction of drainage ditches to drop water levels and dry out
the wetlands for grazing and rice farming. This was a common practice in the Galveston Bay
project area (fig. 63) as well as in other parts of the United States, especially between the
1950's and 1970's (Tiner, 1984). Restrictions placed on the alteration and destruction of
wetlands since the 1970's has probably been one factor causing a decline in the rate of loss
during more recent periods (1979 to 1989) (see section on trends 1950's to 1979 to 1989).
The areal extent of the loss of emergent wetlands to uplands was determined for the following
upland classes: urban, oil and gas, spoil, agriculture (cropland), and rangeland. Documentation of
these changes was possible because of the use of upland classes and modifiers (fig. 5) in
mapping uplands on 1989 (and 1979) photographs.
Conversion to Upland Urban Areas. Approximately 5,700 acres of emergent wetlands were
converted to upland urban use from the 1950's to 1989 (figs. 64-66). Losses were highest in the
Virginia Point quad where they exceeded 1,000 acres (fig. 66). Conversion of wetlands to
uplands occurred in several areas in conjunction with dredging and filling operations to create
navigation channels and upland sites for residential development around Jones Bay and
industrial development near Swan Lake (figs. 55 and 62). Losses due to dredging of channels
and filling of wetlands for upland urban development in the Virginia Point quad totaled
approximately 2,000 acres.
Other areas in which losses were highest are located on the south and west side of the
Galveston Bay system, where urban activities are most common (fig. 65). Areas, other than
Virginia Point, where losses exceed 300 acres include the Galveston, Texas City, League City,
and Sea Isle quads (fig. 66).
Displacement of emergent wetlands by mapped upland oil and gas production facilities
amounted to more than 800 acres (this area is included in upland urban areas presented in the
preceding paragraph). Virginia Point, Hoskins Mound, and Texas City accounted for about
70 percent of the change (fig. 67).
Conversion to Uplands by Spoil Disposal. Between the 1950's and 1989, more than 1,500 acres
of emergent wetlands were displaced by upland spoil ridges and mounds (fig. 68). As expected,
The largest impact was in estuarine emergent wetlands, which are located along the margins of
the estuarine water bodies where dredged channels are concentrated. The two quads where
changes due to spoil disposal were largest are Christmas Point and High Island; losses in each of
these quads was about 300 acres. The Intracoastal Waterway crosses both quads, and much of
the impact occurred from spoil disposal along the dredged channel. Other areas where losses
exceeded 100 acres include Sea Isle, Virginia Point, Flake, and Frozen Point (fig. 68).
The changes noted here are direct impacts where marshes were converted to upland areas by
spoil disposal as interpreted on aerial photographs. Sites of spoil disposal that were not
identified and mapped on the photographs were, of course, not included in this impact
analysis. Other types of wetland changes associated with spoil disposal may include conversions
to another habitat type such as flat, or alterations in hydrology and sedimentation, which may
produce indirect impacts on wetlands. Most of the changes in wetland habitats due to dredging
and disposal of dredged material occurred before the 1950's and are therefore not part of this
assessment.
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Figure 63. Example of emergent wetland areas (marshes) in the Oyster Creek quad that were
modified by a drainage ditch (PEMlFx) that connects to Oyster Creek. The shaded areas are
emergent wetlands that existed in the 1950's but not in 1989. Dash lines represent the 1989
marsh boundary and dotted lines the 1950's boundary.
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Figure 64. Distribution of emergent wetland habitats (shaded) that were replaced by upland
urban areas between the 1950's and 1989. Compare with figures 65 to 67.
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Figure 65. Map of 7.5-minute quads showing the distribution and extent (in acres) of areas that
changed from emergent wetlands (marshes) to upland urban between the 1950's and 1989.
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Figure 66. Bar graph showing the extent of areas in each quad that changed from emergent
wetlands (marshes) to upland urban between the 1950's and 1989. Areas include oil and gas
production facilities, which are shown separately in figure 67.
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Figure 67. Bar graph showing the extent of areas in each quad that changed from emergent
wetlands (marshes) to uplands due to construction of oil and gas production facilities between
the 1950's and 1989.
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Figure 68. Bar graph showing extent and type of emergent wetlands (marshes) that were
displaced by spoil (disposed dredged material), which formed uplands, between the 1950's and
1989.
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Gains in Emergent Wetlands in Spoil Areas. Some of the losses due to spoil disposal in
emergent wetlands were offset by gains in wetlands on spoil islands and other disposal sites.
Good examples of the spread of emergent wetlands on dredged materials are in the Morgans
Point and Bacliff quads in upper Galveston Bay, where spoil islands line the Houston Ship
Channel. Islands in a chain that extends from the west-central part of the Morgans Point quad
into the northern part of the Bacliff quad (fig. 2) are sites where wetlands expanded, yielding a
gross gain in estuarine emergent wetlands that exceeded 1,000 acres between the 1950's and
1989. The total area of wetlands mapped on spoil deposits exceeded 2,000 acres on the 1989
photographs.
Although this gain in wetlands was trimmed by local losses on the islands, the gain provides a
measure of areal offset to losses in other quads due to spoil disposal. However, gains on spoil
deposits provide only partial compensation for losses of wetlands in other areas because
existing wetland habitats may have been impacted by the spoil, and because newly created
wetlands are not functionally equivalent to older, natural wetlands (Minello and Zimmerman,
1992). In addition, much of the gain in wetlands on spoil islands along the Houston Ship
Channel are temporary because of expected burial of the wetlands during future channel
maintenance dredging activities.
Conversion of Emergent Wetlands to Upland Agriculture. Areas that changed from emergent
wetlands in the 1950's to areas mapped as upland agriculture in 1989 amounted to about
3,600 acres (figs. 69-71). The upland agriculture map category includes cropland and improved
pastureland but not rangeland, which is discussed in the following section. As mentioned
previously, conversion of wetlands to other land uses was a common practice between the
1950's and 1970's. Geographically, the areas affected most by development of cropland were
the Hitchcock, Oyster Bayou, and Hoskins Mound quads (figs. 70 and 71). These three quads
account for almost 60 percent of the change. Hitchcock alone, with a loss of 1,200 acres,
accounted for approximately 30 percent of the total loss. Rice cultivation was the primary type
of cropland that displaced palustine emergent wetlands and locally estuarine emergent
wetlands in the Hitchcock quad, and probably accounted for most of the agricultural, or
cropland, related changes in other quads as well. More than 10,000 acres of rice farmland was
mapped in the Hitchcock quad on 1989 photographs. Conversely, some areas of cropland in
the 1950's (mapped as uplands on 1950's photographs) had reverted to wetlands by 1989,
which produced local gains in wetlands between the 1950's and 1989. An example of this type
of change is in the Lake Stephenson quad where two areas totaling more than 200 acres,
located between Lake Stephenson and East Bay (fig. 40), reverted from cropland or improved
pastureland in the 1950's to emergent wetlands in 1989.
Conversion of Emergent Wetlands to Upland Range. This type of upland change, from
emergent wetlands in the 1950's to upland range in 1989, was by far the most extensive,
areally, representing more than 25,000 acres (fig. 46). The most extensive changes occurred
inland from West and Christmas Bays (fig. 72) in the Oyster Creek, Hoskins Mound, Hitchcock
and Texas City quads, which together accounted for more than 50 percent of the changes in
the 30-quad area (fig. 73). Combined changes of more than 9,000 acres in Oyster Creek and
Hoskins Mound (fig. 74) represented about 35 percent of the total in all quads. Hitchcock
(fig. 75) and Texas City quads each had more than 2,000 acres of wetlands that changed to
upland range. Palustrine emergent wetlands were most extensively affected by this type of
change (fig. 73).
The exact reason for such extensive changes is not clearly understood. This type of change,
wetlands to upland rangeland, has the highest probability of being, in part, related to
photointerpretation, at least relative to more distinctly interpretable changes such as from
wetlands to urban or open water areas. While it is clear that many areas were drained, as shown
in figures 63 and 74, a review of 1950's photographs indicates that seasonally wet conditions at
the time the photographs were taken may have inflated the 1950's wetland acreages, resulting
in a larger estimate of loss than actually occurred. On the other hand, 1979 was also a wet year,
producing more extensive wetlands in some areas. Yet, losses were also extensive between the
1950's and 1979 in some quads, Hoskins Mound and Hitchcock, for example (fig. 44).
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Figure 69. Distribution of emergent-wetland habitats (shaded) that were displaced by
agricultural (cropland) areas between the 1950's and 1989, in the Galveston Bay system.
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Figure 70. Map of 7.5-minute quads showing the distribution and areal extent (in acres) of areas
that changed from emergent wetlands to upland agricultural areas between the 1950's and
1989. Quads where this process exceeded 300 acres include Hitchcock, Oyster Bayou, and
Hoskins Mound. See figure 71 for more specific acreages.
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Figure 71. Bar graph showing extent of areas in each quad that changed from emergent
wetlands (marshes) to upland agriculture between the 1950's and 1989.
Umbrella Point

Smith Point

Galveston

Port Bolivar

Lake Como

Bacliff

Flake

Caplen

La Porte

Morgans Point

Anahuac

Lake Stephenson

Highlands

Mont Belvieu

League City

Virginia Point

Cove

Frozen Point

Dickinson

Texas City

Oyster Creek

Sea Isle

Oak Island

Hoskins Mound

Oyster Bayou

Hitchcock

119
7.5-Minute Quadrangle

Figure 72. Distribution of emergent-wetland habitats (shaded) that changed to upland rangeland
between the 1950's and 1989. The most extensive changes occurred inland from West Bay.
More specific information on changes are presented in figures 73 to 75.
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Figure 73. Bar graph showing the extent and type of emergent wetlands (marshes) mapped in
the 1950's that became upland rangeland habitats by 1989.
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Figure 74. Distribution of emergent wetland areas (shaded) that changed to upland rangeland
and agricultural areas from 1950's to 1989 in the Hoskins Mound quad. Although some of these
changes are due to photointerpretation and perhaps natural changes, some are due to efforts to
drain wetlands for conversion to other land uses. For example, drainage ditches were placed in
the linear wetlands north of Chocolate Bayou in the mid-1950's apparently for development of
cropland.
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Figure 75. Distribution of emergent wetland areas (shaded) that changed to upland rangeland
and agricultural areas from the 1950's to 1989 in the Hitchcock quad.
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It appears that some changes are related to natural conditions such as annual (and seasonal)
changes in moisture levels, which affected photointerpretation; but a substantial amount of the
change appears to be related to man-made features consisting of a network of ditches that were
placed across wetlands and along drainages for the purposes of reducing flooding and increasing
the area of upland rangeland and cropland. As mentioned before, this has been a common
practice, especially between the 1950's and 1970's (Tiner, 1984). In fact, Tiner (1984)
concluded that 87 percent of the nation's losses in wetlands (all types of wetlands) between
the mid-1950's and mid-1970's was related to agricultural development. Dahl and others (1991)
concluded that from the mid-1970's to mid-1980's, agricultural land uses accounted for
54 percent of all wetland loss for that period. In the Galveston Bay area, agricultural
development (including both rangeland and cropland) accounts for about 33 percent of the
gross loss in emergent wetlands (gross loss is about 88,500 acres) between the 1950's and 1989.

Scrub-Shrub and Forested Wetlands
As mentioned in the section on trends, there was a net loss of about 900 acres in scrub-shrub
wetlands, but this loss was offset by an increase in forested wetlands of approximately
3,600 acres (fig. 43). Approximately 1,600 acres of the 1950's scrub-shrub habitat in Anahuac
and Cove apparently changed to forested wetland habitat by 1989 (fig. 76). Scrub-shrub habitats
consist of shrubs and trees less than 6 m (<20 ft) tall, so growth of the trees in these areas to
heights of more than 6 m (>20 ft) apparently led to the change in wetland class to forested.
Some of the apparent changes in scrub-shrub are due to changes from scrub-shrub to emergent
wetlands, and vice versa.
Many of the changes in scrub-shrub and forested wetlands from the 1950's to 1979 and 1989
(fig. 45) appear to be the result of photointerpretation related in part to differences in visible
conditions, such as hydrology, at the time the photographs were taken. In some cases the
upland forested areas were misinterpreted as forested wetland areas. Extreme changes in
forested wetlands for one of the map years, for example 1979 in the Oyster Bayou quad
(fig. 45), appear to be interpretational changes. The large increase in forested wetlands in the
Highlands quad (fig. 45), which occurred along the San Jacinto River, may be due in part to
subsidence in this area contributing to wetter conditions through time. Of course subsidence
can eventually lead to losses in forested wetlands (fig. 49). Some of the forested and scrub-shrub
gain was caused by the spread of Chinese tallow, which is an invader, exotic, and a rapid
grower.
Some local losses, however, appear to be due to human activities. For instance, an area on the
south side of Oyster Creek (Oyster Creek Quad) was mapped as a forested wetland area in the
1950's and as an upland forested area in 1979 and 1989. Although part of the forested area was
cleared after the 1950's, the major reason for the loss in forested wetland appears to be due to
a change in hydrology (less frequent flooding) as a result of an artificial levee constructed along
Oyster Creek.

Aquatic Beds
The distribution in submerged vascular vegetation, or aquatic beds (E1AB3L), decreased in areal
extent from about 2,500 acres in the 1950's to approximately 700 acres in 1989, a loss of
1,800 acres or about 70 percent of the resource. As mentioned previously, there is evidence
that losses in the Galveston Bay system were more extensive than revealed by these numbers.
Fisher and others (1972) reported the occurrence of more than 5,000 acres in grassflats
(submerged vegetation) in the Galveston Bay system as revealed by aerial photographs taken in
1956. Comparing this area with the 1989 area yields a loss of 4,300 acres, or about 86 percent of
the mid-1950's resource.
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Figure 76. Distribution of areas (shaded) that changed from scrub-shrub wetlands to forested
wetlands between the 1950's and 1989 in the Trinity River valley, Anahuac and Cove quad.
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Both sets of data indicate major losses, which is a trend supported by other studies (Pulich and
White, 1991). The most significant losses were in West Bay and along the margins of west
Galveston Bay (fig. 28). Pulich and White (1991) concluded that losses along the margins of
west Galveston Bay (League City and Bacliff quads) were related to Hurricane Carla and
subsidence. This area was affected by a hurricane surge of 4.3 m (14.2 ft) and intense wave and
current action generated by strong onshore winds. Increasing nearshore water depths as a result
of subsidence placed a stress on submerged vegetation before Hurricane Carla and inhibited its
recovery after the storm (Pulich and White, 1991). In West Bay, the apparent complete loss of
submerged vegetation is thought to be due primarily to human activities including industrial,
residential and commercial development, wastewater discharges, chemical spills, and increased
turbidity from boat traffic and dredging activities (Pulich and White, 1991).

CONCLUSIONS
Wetland Status (1989)

Wetlands and aquatic habitats in the Galveston Bay system are dominated by an estuarine
system that encompasses approximately 507,500 acres and represents 89 percent of the
wetland and deep-water habitats. The palustrine system is second at 6 percent
(34,100 acres), followed by the lacustrine (4 percent), riverine (0.5 percent), and marine
(0.4 percent, excluding open water).
Vegetated wetlands (marshes, scrub-shrub, and forested wetlands) have a total area of
about 138,600 acres, 94 percent (130,400 acres) of which consists of marshes (estuarine
and palustrine emergent wetlands).
Salt and brackish marshes (estuarine intertidal emergent wetlands) constitute 83 percent
(108,200 acres) of the marsh system; fresh or inland marshes (palustrine emergent
wetlands) make up the remaining 17 percent (22,200 acres).
Forested (5,650 acres) and scrub-shrub (2,560 acres) wetlands have a total area of about
8,200 acres, representing approximately 6 percent of all vegetated wetland habitats.
Submerged vascular vegetation (estuarine subtidal aquatic bed) has a total area of about
700 acres, the largest area (386 acres) occurring in Christmas Bay.
Approximately 17,800 acres of sand and mud flats and bay beaches (estuarine intertidal
unconsolidated shores) were mapped on late 1980's photographs. This acreage is higher
than normal because of extremely low tides during the 1989 photographic mission, which
exposed shallow areas that are usually submerged.

Wetland Trends

The trend in vegetated wetlands is one of net loss as revealed by acreages of 171,000 in
the 1950's, 146,000 in 1979, and 138,600 in 1989. The rate of loss, however, declined over
time from about 1,000 acres per year between 1953 and 1979, to about 700 acres per year
between 1979 and 1989. The rate of loss for the period 1979 to 1989 would be lower (less
than 500 acres/yr) if inaccuracies in wetland interpretation on the 1979 photographs are
taken into account.
Marshes (emergent wetlands) experienced the most extensive wetland losses. Net losses
in these habitats exceeded 35,000 acres, or about 21 percent of the 1950's resource. The
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