air, and, less frequently, very moist tropic
air from the vicinity of Hawaii (12). Once
every few years, an invasion of Arctic air
from interior Alaska ot the Yukon occurs,
bringing record cold temperatures. The
long-term decrease in the 8D values of the
precipitations may be a result of changes in
proportions of warm versus cold precipita-
tion (for example, summer versus winter
precipitation). It is also possible that varia-
tions reflect an increase in the frequency of
the extremely cold events or a decrease in
the frequency of the warm events. This set
of observations may, therefore, provide
valuable data for the validation of climatic
simulations concerning changes in atmo-
spheric circulation patterns.
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Stream Networks and Long-Term Surface Uplift
in the New Madrid Seismic Zone

Dorothy Merritts and Tim Hesterberg

Stream networks are sensitive to low rates of surface uplift and can be used to decipher
the history of large earthquakes even where faults do not rupture the surface, as in
intraplate seismic zones. Statistical analysis of alluvial network data from topographic
maps in the New Madrid seismic zone, in the central United States, shows that stream-
segment gradients deviate the most from an estimated natural stream profile where
surface uplift is greatest. Evidence of cumulative deformation distilled from stream net-
work patterns represents at least several meters of differential surface uplift during
Holocene time, which suggests that more than one cycle of surface deformation occurred.

Landform geometry reflects crustal tecton-
ics, and geomorphic features provide a
bridge between deformation on the time
scales of several earthquake cycles (10? to
10* years) and recent geodetic surveys (1 to
100. years). Landforms generally analyzed
include fault-bounded mountain fronts, off-
set stream channels, or uplifted coastlines
along active plate margins and in deforming
mountain belts where faults commonly
break the surface. Using landforms to ex-
tend prehistoric seismic records in conti-
nental interiors where earthquakes are com-
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shall College, Lancaster, PA 17604, USA.

T. Hesterberg, Department of Mathematics, Franklin &
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mon. (I) has been unsuccessful because
faults rarely rupture the surface in continen-
tal interiors and the terrain in such areas
typically has little relief. Here, elevation
changes in 15 stream networks were ana-
lyzed for deformation resulting from the
succession of large earthquakes in 1811 and
1812 in New Madrid, Missouri, a continen-
tal interior location with historic earth-
quake activity. (1).

The New Madrid seismic zone (NMSZ)
spans Quaternary deposits on the borders of
Kentucky, Missouri, Arkansas, and Tennes-
see. More than 1 km of alluvial sediment
mantles the continental crust and obscures
crustal displacement (2). In 1811 and 1812,
the three largest earthquakes (magnitude
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~8.1 to 8.3) known to have occurred in the
continental North American plate ema-
nated near New Madrid (1). Although this
region is far from a plate boundary, it has
had nearly continuous microearthquake ac-
tivity throughout monitoring in this centu-
ry (3). Shear strain rates are as much as
one-third of those along faults forming ac-
tive plate margins, such as the San Andreas
(4). Geodetic and geomorphic evidence in-
dicates that tilting is occurring in the mid-
continent and might be the cause of down-
stream changes in channel sinuosity along
large rivers (5, 6), and paleoseismic inves-
tigations of liquefied sands indicate that
large earthquakes might have occurred
many times during the past several thou-
sand years (7-9). Some of the aerially ex-
tensive, low-relief . features within the
NMSZ, such as the Lake County uplift, are
related to both active faults and historic
seismicity (8, 10~12). Other such features
either are not or their relation to underlying
geologic structures is not yet known (13-
15).

We studied the Lake County uplift
(LCU) region where substantial surface de-
formation is known to occur and its pattern
is clearly established. The LCU is a gourd-
shaped, composite Quaternary structure
containing anomalous relief (Fig. 1A), ac-
tive faults, and much seismic activity (10,
11). The area of the LCU is about 50 by
23 km and upwarps the Mississippi River
valley as much as 10 m. Seismic reflection
data indicate that subsurface rocks are up-
warped in a manner that parallels the pat-
tern of surface warping (10, 11). Seventy-
five percent of microearthquakes recorded
in the NMSZ between July 1974 and June
1978 occurred within the LCU.

From analysis of warped, active as well as
abandoned channels and levees of the Mis-
sissippi River, Russ (10) divided the LCU
into three prominent topographic bulges:
Tiptonville Dome, Ridgeley Ridge, and
Sikeston Ridge (Fig. 1A) (10). We focused
on the area encompassed by Tiptonville
Dome and Ridgeley Ridge, including their
perimeters where Russ’s (10) estimate of
surface uplift tapers to 0. Most of the Tip-
tonville Dome formed between 200 and
2000 years ago, but additional uplift oc-
curred during the 1811 and 1812 New Mad-
rid earthquakes (10, 11). Russ (10) esti-
mated that up to 9 to 10 m of surface uplift
has occurred, which indicates that rates of
surface uplift (4 to 5 mm year™!) are as
high as those along active plate margins
dominated by compression (16). Ridgeley
Ridge, formed <6000 years ago, is under-
lain by northeast-trending faults, some of
which are possibly high-angle reverse
faults, and its surface expression mimics
the subsurface structural pattern (10, 11).

The northeastern boundary of the LCU
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is probably a southwest-dipping (31°),
northwest-striking reverse fault (17), form-
ing a contractional step-over between near-
vertical, right-lateral northeast-trending
faults of the NMSZ. The LCU is located in
the overriding hanging wall block and is
rising relative to the footwall block to its
north, which contains a lake created during
the 1811 and 1812 earthquakes (18). Using
these probable fault geometries and three-
dimensional boundary-element modeling,
Gomberg and Ellis (19) identified a pattern
of deformation very similar to that deter-
mined by Russ (10).

In contrast to these results (10, 19) our
deformation estimates are based on stream
gradient data from U.S. Geological Survey
topographic maps (Fig. 2) and extend pre-
viously described methodology (16). Stream
channels have natural gradients that de-
pend primarily on resistance to flow (which
is dependent on bedrock or sediment type
and properties) and volume of water and

89°30'00" 89°15'00"

sediment flowing in the stream (20, 21). If
tectonic processes elevate the upstream end
of a segment a different amount than the
downstream end, the stream will attempt to
return to its natural gradient by incising,
aggrading, or altering its sinuosity (22-24).
We hypothesize that landscaping processes
in the NMSZ have not completed this in-
cision or aggradation, so that a record of
deformation is preserved in the channel
gradients. Thus, streams flowing in the di-
rection the surface was tilted will be rela-
tively steep, whereas streams flowing in the
opposite direction will be relatively gentle
(25).

We used digitized topographic data for
15 small streams that drain the LCU (drain-
age areas <30 km?) because their gradients
and orientations are sensitive to surface de-
formation (16) and because they are not as
likely as larger streams to erase evidence of
perturbations. We delineated all stream seg-
ments in the region (Figs. 1B and 2) on

89°45'00" 89°30'00" 89°15'00°

36°30'00"

[ Brassed sream surtaces

36°15'00"

36°07'30"

[ Braed stream surfaces

B o
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[ eraced stream surtaces

Fig. 1. Map of Lake County uplift region. (A) Surface uplift contours (feet) as obtained from Russ (70). (B)
Watersheds analyzed in this study. The map simplifies the networks, in that only the endpoints of each
stream segment, and a straight line between them, are shown. The mouth of each stream network is
shown with a black dot. (C) Contours of upiift estimate g (in feet). (D) Contours of uplift estimate from one
random (bootstrap) sample (in feet). The magnitudes of this and almost all other random upilift estimates
are smaller than the magnitude of g because of the lack of a pattemn in the random deviations of stream

segment drops.
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large-scale maps (1:24,000), not using
stream segments altered by human activities
(such as irrigation ditches). Data collection
software digitized stream networks and cal-
culated stream gradient and total upstream
channel length for each segment (26).

We assumed that flow resistance is sim-
ilar across the study area because all water-
sheds examined were developed in uncon-
solidated alluvium deposited by the Missis-
sippi River in its floodplain or in loess
blown in by glacial winds during the past
several million years. We also assumed that
the total length of all stream segments up-
stream of any given point is a proxy variable
for flow volume (discharge) at that point,
which has been shown to be valid (27). We
assumed that discharge is a smooth increas-
ing function of (but not necessarily propor-
tional to) the total length of all upstream
stream segments (28). If these assumptions
hold, then the natural gradient of a stream
depends solely on the total length of seg-
ments upstream of any point.

Our statistical model for estimating up-
lift from the elevation change (drop) be-
tween upstream and downstream ends of a
stream segment is of the form

drop = f(lp) — f(l,)
+g(x, y1) —glxzy2) +& (1)
where [, is the length of all stream segments

Fig. 2. Example of method used to delineate
stream networks, using one of the watersheds
from the LCU region (figure simplified from a 7.5-
minute topographic map; 1:24,000 scale). Shad-
ed thin lines correspond to elevation contours, in
feet. Thick lines correspond to streams shown on
the topographic maps as biue lines. Thin lines are
segments added here to include all concavities in
the landscape for which the contour v’ angle is
less than 120°. This morphometric technique al-
lowed us to identify areas where water is likely to
collect, flow, and sculpt the landscape but that did
not meet the criteria for channelized water used by
cartographers. Black dots identify intersections
between segments and mark segment endpoints.
The “x” indicates the location of the benchmark.



upstream of the segment, I, = || + the
length of the segment, (x;, ¥;) are coordi-
nates of the upstream end of the segment,
(x,, ¥,) are coordinates of the downstream
end of the segment, f is a smooth increasing
function that gives the natural profile of a
stream, g is a smooth function that measures
relative uplift, and € is a combination of
measurement error and randomness.

The streams are steep near the headwa-
ters (Figs. 3 and 4), but within 1 km down-
stream the estimated gradient decreases to
about 0.34 m km™!, then gradually to 0.27 m
km ™! after 10 km, and finally to 0.14 m km™!
after 40 km. The estimate of f was semipara-
metric because the data determined the shape
of the profile; in comparison, others have used
a parametric model of the form f(x) = a In(x)
(24). Our estimate of f used regression splines
(29) of the form

4

@) = D afi(x>?)

i=1

(2)

where values for f; are piecewise cubic poly-
nomials that are natural cubic splines (30).
The estimate of uplift g (Fig. 1C) is also

semiparametric and used tensor regression.

splines, with coefficients penalized for nu-
merical stability and to produce smoother
functions. The amount of penalty is a
smoothing parameter that can be controlled
by the modeler to produce flatter and
smoother profiles at one extreme or unflat-
tened but jagged and unstable profiles at the
other.

From contouring of the estimate of sur-
face uplift g (Fig. 1C), uplift is generally
greatest along the middle (from east to
west) of the LCU study area, with low areas
about one-quarter and one-half the distance
from the south to the north. The pattern
exhibits three elongate (in the north-south
direction) bulges and one smaller, more
circular bulge at the northernmost end of
the LCU. However, fine details might result
from the inherent randomness in stream
channel elevations or the methodological
limitations of working with elevation data
from maps with 5-foot contour intervals in
a region of very little relief. The contours
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Fig. 3. Estimated natural stream profile form for
the New Madrid seismic zone.

are less accurate on the edges of the study
area (a common problem in interpolation,
regression, and contouring techniques), and
because of smoothing the actual uplift is
probably greater than indicated by g.

A bootsttap analysis (31) indicates that
the overall uplift pattern is statistically signif-
icant. However, it is based solely on numeri-
cal criteria and cannot distinguish between
true surface uplift and other spatial effects. For
example, if streams flowing north tend to be
steeper because sediment types on north-fac-
ing slopes are different than those on south-
facing slopes, the model (Eq. 1) would indi-
cate more uplift to the south, and the boot-
strap analysis would tend to indicate that the

-result is statistically significant. Although

such a change in sediment type could lead to
a statistically significant pattern, purely ran-
dom effects would be unlikely to produce such
a strong consistent pattern as in Fig. 1C (see
Fig. 1D).

Three reasonable causes of the statisti-
cally significant, organized change in chan-
nel gradient along the length of the LCU
are (i) differences in local climate (and
hence streamflow characteristics), (ii) spa-
tial variations in underlying geologic mate-
rial, or (iii) surface deformation attributable
to tectonic activity. Local climatic differ-
ences are not likely, because the NMSZ is
located in a continental interior and has
little relief (<20 to 40 m). As a conse-
quence, climatic conditions are remarkably
uniform throughout its extent. Although

‘we cannot rule out difference in resistance

of underlying material, a tectonic cause is
more likely. Low-order streams in the re-
gion are developed on a similar stratigraph-
ic section of unconsolidated deposits that
consists of Eocene deltaic and near-shore
marine sediments overlain by Pliocene-
Pleistocene river gravels, sands, and clay,
which in turn are overlain locally by up to
several tens of meters of fine, glacial loess
(32, 33). The Quaternary-Eocene uncon-

Fig. 4. Schematic diagram of the natural profile
model of Fig. 3. (A) A simple seven-segment ba-
sin, with each stream segment shown as a
straight line. The position of each segment is rel-
ative to its upstream and downstream endpoint
elevations and upstream-contributing stream
length.: Feeder segments numbered 1 and 2 flow
into segment 5; feeder segments 3 and 4 flow into
segment 6; and segments 5 and 6 likewise flow
into segment 7. The end elevation of each feeder
segment matches the beginning elevation for the
segment into which it flows, and the value of / | for
the downstream segment is the sum of the
lengths for all the feeder segments. (B) The same
stream segments as (A), moved so that the up-
stream endpoint is located on the curve marked
with an arrow, the estimate of natural profile f.

REPORTS

formity is at a depth of 50 to 100 m in most
places. As topographic relief is so small,
streams are incised into only the uppermost
parts of this stratigraphic section. A blanket
of unconsolidated, late Cenozoic alluvium
is not likely to result in notable spatial
differences in resistance to flow that in turn
would cause such marked variations in
channel bed elevations.

Clearly, stream channels are sensitive
to surface uplift, and using differences in
elevation drops in the LCU region results
in an uplift pattern (Fig. 1C) that is sim-
ilar to Russ’s interpretation (10) of the
best available physical evidence of surface
uplift (Fig. 1A). Three of the four bulges
in Fig. 1C are coincident with two areas
of high surface uplift identified by Russ
(10) (Fig. 1A), the Tiptonville Dome and
Ridgeley Ridge. Compared to the use of
channels and levees of large rivers to
obtain a differential uplift pattern, this
method gives a greater number and aerial
extent of control points because the data
are taken from all parts of the watersheds
of small streams, which form a fairly dense
network across the LCU area. These two
patterns are also quite similar to that
generated from three-dimensional bound-
ary element modeling of the local defor-
mation field that would result from a
contractional left step-over along a north-
east-trending right-lateral strike-slip fault
[see figures 4 and 5 in (19)].

Analysis of channel gradients of low-
order streams with statistical modeling
identifies areas of surface deformation and
offers a level of detail greater than that
available from other methods. The fact that
channel networks in the NMSZ reflect at
least several meters of differential surface
uplift (Fig. 1C) indicates that cumulative
deformation spanning more than one earth-
quake cycle probably has occurred. If uplift
in the region is largely coseismic, events

like those of 1811 and 1812 might have
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Segments 1, 3, and 5 drop less than predicted by the profile (based on their lengths and the lengths of
upstream segments), and segments 2, 4, 6, and 7 drop more than predicted. Such deviations might be

due to differential uplift throughout the study area.
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occurred before, in the geologically recent
past (34). Gomberg and Ellis (19) assumed
that events like those of 1811 and 1812
occur about every 1000 years and estimated
about 15 to 60 cm of surface uplift per 1000
years (including coseismic uplift and post-
seismic relaxation). QOur results indicate
that the LCU block has been rising relative
to the Reelfoot Lake block long enough to
affect the gradients of some parts of stream
networks in the region by at least several
meters. Furthermore, as these streams drain
recent deposits, uplift has occurred since
the time of deposition of the youngest sed-
iments (mid to late Holocene). If each cycle
of deformation results in less than 1 m of
net uplift, the results of the stream-gradient
analysis indicate that more than one cycle
has occurred during Holocene time. This
also provides evidence that low-order
streams adjust their gradients slowly enough
for uplift patterns to persist in the landscape
record over several thousand years.
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Virulence and Local Adaptation of a Horizontally
Transmitted Parasite

Dieter Ebert*

Parasites are thought to maximize the number of successfully transmitted offspring
by trading off propagule production against host survival. In a horizontally transmitted
microparasitic disease in Daphnia, a planktonic crustacean, increasing geographic
distance between host and parasite origin was found to be correlated with a decrease
in spore production and virulence. This finding indicates local adaptation of the
parasite, but contradicts the hypothesis that long-standing coevolved parasites are
less virulent than novel parasites. Virulence can be explained as the consequence of
balancnng the positive genetic correlation between host mortality and strain-specific

spore production.

Parasites are considered to be a major
factor influencing almost every level of
organismic evolution (1, 2). Convention-
al wisdom holds that successful parasite
species should evolve to become less vir-
ulent over time and therefore that only
maladapted novel parasites are harmful
(3). In contrast, current theory on the
evolution of virulence states that patho-
genicity can be maintained when it is a
direct’or indirect consequence of the par-
asite’s exploitation of the host during pro-
duction of propagules. Therefore, a hori-
zontally transmitted parasite is expected
to balance parasite reproduction against
host survival, such that parasite transmis-
sion is maximized (4, 5).

To understand the processes that in-
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fluence the evolution of virulence, I stud-
ied host fecundity and survival alongside
parasite multiplication rate and infectiv-
ity in a laboratory transplant experiment.
I used host clones of the planktonic crus-
tacean Daphnia magna Straus derived from
localities up to 3000 km apart and three
strains of the horizontally transmitted, cy-
toplasmic parasite Pleistophora intestinalis
Chatton [Protozoa, Microsporidia (6)]
collected from three ponds near Oxford,
United Kingdom (Table 1). Horizontal
transmission of this parasite occurs when
infected hosts pass infective spores with
their feces and other hosts capture and
ingest the free-floating spores by filter
feeding. Vertical transmission does not
occur in this microparasite (7). Spore-
load, here defined as the number of sporo-
phorous vesicles found within the host
gut epithelium, increases exponentially
over time, which allows estimation of par-
asite multiplication rate (7). The impact





