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Variable Rainfall Limits the Germination of Upper Intertidal Marsh

Plants in Southern California
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ABSTRACT: Temporal variation in rainfall created a germination window for seedling establishment in the upper
intertidal marshes of southern California. In this highly variable climate, total annual rainfall was highly variable, as was
the timing and size of rainfall during the wet season. Daily rainfalls > 3.0 cm were rare in the long-term record but
created germination opportunities that had two components: low salinity and high moisture. During the 1996-1997 wet
season, only one-day rainfalls > 3.0 cm resulted in large increases in soil moisture and decreases in soil salinity. Ger-
mination in the upper intertidal marsh of three wetlands followed two large (> 3.0 cm) rainfall events in the relatively
dry 1996-1997 season and multiple medium and small rainfall events in the wetter 1997-1998 season. In addition to
rainfall, plant cover and soil texture influenced spatial and temporal variation in soil salinity and moisture. Daily and
weekly sampling adequately described soil moisture and salinity so that germination could be predicted; monthly sampling
would have missed the low-salinity and high-moisture events that trigger germination.

Introduction

Southern California intertidal salt marshes occur
in a Mediterranean-type climate characterized by
long, dry summers and winters with variable pre-
cipitation. The region’s small watersheds and low
streamflows result in salt marshes that are domi-
nated by marine hydrology punctuated with brief
rainfall events that lower salinity (Zedler et al.
1992). It has been hypothesized that salt marsh
plant community dynamics are greatly influenced
by this annual period of low salinity, termed the
low-salinity gap (Zedler and Beare 1986; Zedler et
al. 1992), especially in the upper intertidal marsh
(elevation approximately 1.2 to 1.6 m, National
Geodetic Vertical Datum [NGVD]) where tidal in-
undation is infrequent during most of the winter
(Zedler 1982). Low-salinity gaps also occur in high
intertidal marsh of other regions with Mediterra-
nean-type climates (Alvarez Rogel et al. 2000).

Several annual plant species in the upper inter-
tidal marsh germinate in winter after rainfall low-
ers soil salinity and raises soil moisture, and senes-
ce by late summer when soils are hypersaline and
dry (Callaway et al. 1990; Noe and Zedler In
press). The germination of salt marsh plants re-
sponds to salinity (Kingsbury et al. 1976; Ungar

* Corresponding author: current address: Southeast Environ-
mental Research Center, Florida International University, Mi-
ami, Florida 33199; tele: 305/348-1588; fax: 305/348-4096; e-
mail: noeg@fiu.edu.

T Current address: Botany Department and Arboretum, Uni-
versity of Wisconsin—-Madison, 430 Lincoln Drive, Madison, Wis-
consin 53706.

© 2001 Estuarine Research Federation

30

1978; Woodell 1985; Zedler and Beare 1986; Cal-
laway et al. 1990; Shumway and Bertness 1992;
Kuhn and Zedler 1997; Noe and Zedler 2000) and
moisture (Fink and Zedler 1990; Kuhn and Zedler
1997; Noe and Zedler 2000), suggesting that hal-
ophytes follow the environmental sieve concept de-
veloped for prairie potholes (van der Valk 1981)
and herbaceous riverine wetlands (Weiher and
Keddy 1995). No studies have documented tem-
poral changes in soil salinity or moisture and plant
establishment in upper intertidal marshes.
Variability in the annual low-salinity gap, result-
ing from variation in both total annual rainfall and
the timing of rainfall within the wet season, affects
the structure and diversity of the annual plant
community in the upper intertidal marsh (Calla-
way and Sabraw 1994; Noe and Zedler In press)
and southern California salt marshes in general
(Zedler and Beare 1986; Zedler et al. 1992). Two
studies that characterized the low-salinity gap in
upper intertidal marshes were based on infrequent
sampling (biweekly in Callaway et al. 1990; month-
ly in Kuhn and Zedler 1997). Studies relating rain-
fall and soil salinity in the upper intertidal marsh
have been based on one-month (de Leeuw et al.
1991) or two-month (Alvarez Rogel et al. 1997)
sampling intervals, making short-term salinity re-
sponses to rainfall difficult to characterize. The op-
timal sampling frequency would predict the con-
ditions that stimulate germination. It is likely that
the daily variability in rainfall affects the daily and
weekly variability of soil salinity and moisture,
which in turn stimulates germination. Historical
patterns of variation in annual, within wet season,



and daily rainfall should indicate the degree of
possible variation in soil salinity and moisture and
seed germination. We hypothesize that rare, large
rainfalls create a low-stress temporal window of low
salinity and high moisture that stimulates germi-
nation.

Southern California upper intertidal marshes
support several sensitive annual plant species,
among them a federal and state-listed endangered
plant species. Exotic species are abundant (Noe
and Zedler In press) and most extensive during
prolonged periods of low salinity following urban
and irrigation runoff or sewage spills (Kuhn and
Zedler 1997; Callaway and Zedler 1998). Annual
plants are prevalent in areas with sparse perennial
canopy, both in vegetated areas (canopy habitat)
and along the edges of salt pannes (panne habitat;
Noe and Zedler In press). These two habitats have
different annual plant assemblages and are
thought to have differing soil moisture and salinity
dynamics. Understanding the factors that influ-
ence native and exotic species, control community
dynamics, and differentiate habitats, is needed to
improve the management and restoration of upper
intertidal marshes.

The objectives of this study are to characterize
precipitation variability in the long-term rainfall re-
cord, to characterize and determine the abiotic
and biotic factors that affect soil moisture and sa-
linity content and variation in the upper intertidal
marsh, to test the effect of temporal sampling fre-
quency on the description of variation in soil salin-
ity and moisture, to compare soil salinity and mois-
ture in the canopy habitat to the panne habitat,
and to link precipitation variability, soil moisture
and salinity, and plant establishment.

Methods
STUDY LOCATION

Sparse perennial canopy (canopy) and salt
panne edge (panne) habitats of the high salt
marsh were studied at Sweetwater Marsh National
Wildlife Refuge (Sweetwater Marsh 32°40'N,
117°5'W), Tijuana River National Estuarine Re-
search Reserve (Tijuana Estuary 32°35'N,
117°7'W), and Los Penasquitos Lagoon (32°56'N,
117°5'W) in San Diego County, California (Fig. 1).
All three wetlands have extensive upper intertidal
marshes that differ in annual and perennial spe-
cies. Dominant perennial plant species in both
habitats are Salicornia subterminalis and Monanthoch-
loé Uttoralis.

RAINFALL

The daily (1927-1997) and monthly (1850-
1997) rainfall records of Lindbergh Field
(32°44'N, 117°10'W), San Diego County, California
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Fig. 1. Map of southern California coastline showing coastal
wetlands that were studied, their associated watersheds, and
Lindbergh Field. Note: representation of Tijuana River water-
shed in Mexico is not complete, scale is approximate.

(Fig. 1) were obtained from the National Weather
Service. In addition, daily rainfall was measured
with a rain gauge at Sweetwater Marsh from No-
vember 13, 1996 to January 28, 1997. The gauge
was checked between 1000 and 1400 the day fol-
lowing a rainfall event. The 1996 rainyear (July
1996 to June 1997) daily rainfall record for Sweet-
water Marsh (12 km from Lindbergh Field) was
completed by adding Lindbergh Field data from
July 1996 to November 1996 and February 1997 to
June 1997 to the November 1996 to February 1997
Sweetwater Marsh rain gauge data.

SOIL SALINITY AND MOISTURE

Intensive sampling of the soil environment took
place at Sweetwater Marsh, where both canopy and
panne habitats are present. The soil environment
was sampled less frequently, but for a longer time,
in both habitats at Tijuana Estuary and Los Pen-
asquitos Lagoon. In both the canopy and panne
habitats at Sweetwater Marsh, five 1 X 1 m soil
monitoring plots each with twenty-five 0.04-m? cells
were randomly placed within a grid encompassing
a representative area of each habitat. Five similar
vegetation monitoring plots were randomly located
along a line transect spanning the soil monitoring
grid in both habitat types. One additional transect
in the same configuration was placed in both hab-
itat types at Sweetwater Marsh, for a total of two
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transects per habitat. Two vegetation monitoring
transects were established in both the canopy hab-
itat at Tijuana Estuary and the panne habitat at Los
Penasquitos Lagoon.

Surface soil moisture and salinity were measured
in both the soil and vegetation monitoring plots.
In the soil monitoring plots, soil sampling oc-
curred weekly from November 13, 1996 to January
28, 1997. After each rainfall event, additional sam-
pling occurred daily for 5 d. Soil cores (3.1 cm? X
2 cm deep) were taken from 3 random cells and
pooled into one sample for each soil monitoring
plot. In the vegetation monitoring plots, sampling
occurred weekly from December 19, 1996 to Feb-
ruary 24, 1997 and then monthly from March 3,
1997 until August 1, 1997. Sampling continued at
irregular intervals during the 1997-1998 germi-
nation season. Soil cores were taken to a depth of
2 cm from December 19, 1996 until March 31,
1997, to a depth of 10 cm from March 31, 1997 to
August 1, 1997, and to a depth of 2 cm thereafter.
One core was taken from each of three random
cells (excluding four plant-density sampling cells)
and pooled into one sample for each vegetation
monitoring plot. Soil was collected to a depth of 2
cm during the period of germination so that con-
ditions at the surface of the soil where germination
occurs were characterized while still collecting suf-
ficient soil to measure salinity and moisture. Be-
tween periods of germination, soil was collected to
10 cm in order to characterize a larger portion of
the rooting zone of the annual plants. Measure-
ments of salinity or moisture in the 0-2 cm and 0-
10 cm cores were highly correlated when the two
core depths were simultaneously collected on
March 31, 1997 (Noe unpublished data).

Soil moisture was determined gravimetrically.
Each soil sample was dried at 60°C for 24 h. Soil
moisture was calculated as change in mass divided
by dry weight (Gardner 1986). After coarse organic
matter was removed, the same soil sample was
ground with a mortar and pestle and passed
through a I-mm sieve. Reverse osmosis water (sa-
linity = 0%o0) was added to the soil sample until
the saturation point was reached (Richards 1954).
The saturated soil sample was then added to a 10-
ml syringe loaded with filter paper, and a drop of
water was expressed onto a hand-held Reichart Sci-
entific temperature-compensated salinity refrac-
tometer (Pacific Estuarine Research Laboratory
1990). One person mixed all saturated soil pastes.
Extracts of saturated soil pastes underestimate field
soil salinity concentrations, except when field soils
are wet, but they control for the different moisture
retention capacities of soils with different textures
(Richards 1954). Instead of estimating the salt con-
centrations of field soils, the salinity of saturated

soil paste extracts is a measure of the salt mass of
field soils. Soils in the upper intertidal marsh are
typically too dry to extract interstitial water in the
field.

B1oTIiCc AND ABIOTIC ENVIRONMENT

Soil texture, plot elevation, cumulative plant cov-
er, and bare ground were assessed in both the soil
and vegetation monitoring plots. Soil texture anal-
ysis was performed by the Bouyoucos (1962) tech-
nique on three pooled, 2-cm deep soil cores from
each plot. Plot elevation was determined at three
random points in each plot with a kinematic Glob-
al Positioning System (GPS; vertical accuracy = 3
cm). Precision and accuracy of the GPS measure-
ments were verified with readings of fixed bench-
marks of known elevation. Plant cover and bare
ground were estimated by dividing each plot into
100 cells with a grid frame and counting the num-
ber of cells occupied by each species or bare
ground. Cumulative plant cover was calculated by
summing the cover of all species. Verified daily
higher high tide sea levels in San Diego Bay were
obtained from the National Ocean Service. Using
plot elevations and the tidal attenuation factor for
Sweetwater Marsh (Williams personal communi-
cation), we determined when individual plots were
inundated by the higher hide tide of each day of
the study.

GERMINATION

Seedling density was quantified in the vegetation
monitoring plots of Sweetwater Marsh, Tijuana Es-
tuary, and Los Penasquitos Lagoon during the
1996-1997 (1996) wet season and Sweetwater
Marsh and Tijuana Estuary during the 1997 sea-
son. The number of live seedlings was counted
through the 1996 and 1997 seasons in four per-
manent 0.04-m? cells in each plot that were chosen
randomly without replacement. Individuals were
counted when their cotyledons were visible. Be-
cause of high density, seedlings were counted ap-
proximately and classified into density classes of 0,
1-10, 11-20, 21-30, 31-40, 41-50, 51-100, 101-
200, and more than 200 individuals 0.04 m~2. Den-
sity class midpoints, and 201.0 for the 200+ density
class, were used for analyses. Plot (1-m?) density is
an average of the total number of seedlings (all
species combined) in the four 0.04-m? cells. Seed-
ling density was then averaged across all the plots
for each sampling time.

DATA ANALYSIS
The 1850-1997 monthly rainfall record was an-
alyzed for trends and variability in rainfall. Patterns
in the 1927 to 1996 daily rainfall record were also
described. The 1996 rainyear total rainfall, month-



ly rainfall, and seasonal distribution of monthly
rainfall were compared to the 1850-1996 record
with ztests and the Kolmogorov-Smirnov goodness-
of-fit test. Differences between Sweetwater Marsh
and Lindbergh Field daily rainfall were examined
with a paired ttest to test the assumption that the
two sites received similar rainfall.

Multiple regressions were performed to deter-
mine the effect of abiotic and biotic factors on soil
salinity and moisture content and temporal varia-
tion in the soil monitoring plots. Soil salinity and
moisture content on days before and after large
rainfall events were related to soil texture (percent
clay and sand), plot intertidal elevation, cumulative
plant cover, and bare ground. The coefficients of
variation of soil salinity and moisture, calculated
from the data collected between November 13,
1996 to January 28, 1997, were related to the same
predictor variables. The assumptions of normality
and homogeneity of variance were met for the
moisture data and for the log-transformed salinity
data. Because cumulative plant cover and bare
ground were highly correlated, separate multiple
regressions were performed with either cumulative
plant cover or bare ground included in the model.
The models with cumulative plant cover had high-
er explanatory power and statistical significance
than models including bare ground, except for the
coefficient of variation of soil moisture.

Differences between canopy and panne habitat
soil monitoring plots were tested by ttests for each
of the above variables. The spatial correlation be-
tween soil moisture and salinity at all three marsh-
es was assessed by calculating the Pearson product-
moment correlation of salinity and moisture on
multiple days, December 19, 1996, December 30,
1996, January 6, 1997, January 20, 1997, and Jan-
uary 27, 1997 (n = 40 vegetation monitoring
plots). The temporal correlation between soil sa-
linity and moisture in both habitat types was de-
termined with a Pearson product-moment corre-
lation of mean salinity and mean moisture from
November 13, 1996 to January 28, 1997 (n = 10
soil monitoring plots).

The effect of sampling frequency on the char-
acterization of soil salinity and moisture trends in
the soil monitoring plots was analyzed by compar-
ing the full data set, the weekly sampling data, and
a monthly sampling data set for differences in pre-
diction of low-salinity and high-moisture events.

Results

RAINFALL

Total rainfall in a rainyear (July to June) is low
(x = 25.4 cm) and highly variable (coefficient of
variation [CV] = 41.0%) in the long-term record
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Fig. 2. Proportion of rainyear rainfall occurring each month
(upper graphs) and cumulative monthly rainfall (lower graphs)
over the long-term record (1850-1996; left graphs) and the past
five rainyears (right graphs). Box plots include mean, quartiles,
and range.

(1850-1996). Minimum and maximum values are
8.8 cm (in 1960) and 66.0 cm (in 1883). In south-
ern California, 94% of the rain falls between Oc-
tober and April (Fig. 2). Individual rainyears have
unique timing of rainfall, e.g., early rainfall in
1996, mid-season rainfall in 1994, a late season
rainfall in 1993, and more typical rainfall timing in
1995.

The 1996 rainyear had large rainfall in October
to November (6.7 cm) and January (7.7 cm), low
rainfall from February to June (1.5 cm), and low
rainyear total rainfall (17.8 cm) (Fig. 2). There was
no statistical difference between the 1996 rainyear
and the long-term record for rainyear total rainfall
(p = 0.465, ztest), October and November total
rainfall (p = 0.312, ztest), January rainfall (p =
0.555, ztest), February through June total rainfall
(p = 0.153, ztest), or the cumulative monthly dis-
tribution of rainfall (p = 0.186, Kolmogorov-Smir-
nov test).

There was an average of 43 d (SD = 10.8) of
rainfall per rainyear in the 1927 to 1996 daily rain-
fall record. Seventy-eight percent of daily rainfall
totals were < 1.0 cm and only 3% were > 3.0 cm.
Rainfalls > 3.0 cm occurred on August 16 at the
earliest and April 28 at the latest and 21 years had
no daily rainfalls > 3.0 cm. The 1996 rainyear had
two daily rainfalls > 3.0 cm (Fig. 3). In the 71 years
of the long-term daily rainfall record, only 22 years
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Fig. 3. Mean soil moisture and salinity (SE) in canopy and
panne habitats in the soil monitoring plots (soil mon.) and
nearby vegetation monitoring plots (veg. mon.), daily rainfall,
and the timing of tidal inundation (a majority of plots inundat-
ed). Soil cores were taken in the top 2 cm of soil from Novem-
ber 138, 1996 to March 3, 1997, and subsequently in the top 10
cm of soil.

(30.1%) had two or more rainfalls > 3.0 cm. Sweet-
water Marsh and Lindbergh Field did not differ in
daily rainfall from November 1996 to February
1997 (p = 0.992, paired ttest), indicating the fea-
sibility of combining rainfall data from the two lo-
cations.

SOIL SALINITY AND MOISTURE

Both the canopy and panne habitats at Sweet-
water Marsh exhibited high temporal variation in
surface soil salinity and moisture. Saturated soil
paste extracts were hypersaline in the perennial
habitat (58%0) and extremely hypersaline in the
panne habitat (> 130%0) on November 13, 1996
when soil monitoring began and decreased to low-
est salinity of 4%o in the canopy habitat and 7%o
in the panne habitat on January 26, 1997 (Fig. 3).

Temporal variation of salinity in both habitats was
high (CV: canopy = 78.1%, panne = 69.8%)
through the course of the study. Spatial variation
in the soil monitoring plots at any given time was
also high, with large variability about the mean.
The panne habitat had higher salinity than the
canopy habitat except immediately following large
rainfall events. Soil moisture in both habitats was
also variable (CV: canopy = 21.1%, panne =
20.7%) through time, but less than for salinity. Soil
moisture in the two habitats was similar through
the duration of the wet season. A majority of the
soil monitoring plots was tidally inundated by high-
er high tides in early December 1996 and early
January 1997. In the nearby vegetation monitoring
transects, a majority of the plots were inundated by
the higher high tides for only a few consecutive
days of each tidal cycle in early December 1996,
early January 1997, early February 1997, early June
1997, late June 1997, and middle July 1997.
Temporal and spatial variation of soil salinity
and moisture were explained using multiple re-
gressions with soil texture (percent clay and sand),
plot elevation, cumulative plant cover, and bare
ground included as the predictor variables (Table
1). In the soil monitoring plots at Sweetwater
Marsh, plots with high temporal variability of soil
moisture had less bare ground, while temporal var-
iation in soil salinity could not be predicted. On
days before large rainfalls, plots with more clay had
higher soil moisture (November 19, 1996) or the
spatial variation of soil moisture could not be pre-
dicted (January 6, 1997). On days after rainfalls >
3.0 cm (November 22, 1996 and January 13, 1997),
plots with more clay and more cumulative plant
cover had higher soil moisture. Plots with low soil
salinity had high cumulative plant cover (Novem-
ber 19, 1996) or both high cumulative plant cover
and high soil sand content (January 6, 1997) on
days before large rainfalls. Following these large
rainfalls, plots with more cumulative plant cover

TABLE 1. Multiple regressions explaining temporal and spatial variation of soil salinity and moisture. The temporal coefficient of
variation (CV) of soil moisture and salinity and soil moisture and salinity content on November 19, 1996, November 22, 1996, January
6, 1997, and January 13, 1997 in the soil monitoring plots at Sweetwater Marsh were related to elevation, clay content, sand content,
and either cumulative perennial plant cover or bare ground (n = 10; canopy and panne plots pooled for analysis).

Standardized Model

Parameter Significant Variable(s) in Model Coefficient p-value adj. r?
Moisture CV Bare ground —0.79 0.076 0.583
Salinity CV Sand content 0.97 0.164 0.411
Nov. 19 moisture Clay content 0.89 0.010 0.823
Nov. 22 moisture Cumulative cover, Clay content 0.84, 0.63 0.002 0.902
Jan. 6 moisture None 0.355 0.150
Jan. 13 moisture Cumulative cover, Clay content 0.75, 0.54 0.003 0.893
Nov. 19 salinity Cumulative cover —0.73 0.064 0.611
Nov. 22 salinity None 0.607 0.000
Jan. 6 salinity Sand content, Cumulative cover —0.56, —0.49 0.010 0.823
Jan. 13 salinity Cumulative cover —0.74 0.004 0.876




TABLE 2. A comparison of the canopy (n = 5) and panne (n
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5) soil monitoring plots at Sweetwater Marsh. The temporal

coefficient of variation (CV) of soil moisture and salinity, soil moisture and salinity levels on November 19, 1996, November 22, 1996,
January 6, 1997, and January 13, 1997, and their possible covariates in the two habitats were compared with ttests.

Canopy Mean (SE)

Panne Mean (SE)

Variable (Range) (Range) { test p-value
Moisture CV 29.4 (2.9) 25.0 (2.8) 0.296
(21.8-36.6) (15.8-31.9)
Salinity CV 74.8 (9.3) 76.1 (2.4) 0.900
(53.0-107.5) (67.2-81.1)
Nov. 19 percent moisture 17.9 (7.8) 19.9 (3.9) 0.834
(6.5-48.4) (9.9-32.2)
Nov. 22 percent moisture 53.3 (11.1) 54.8 (6.6) 0.908
(18.3-87.2) (35.2-68.8)
Jan. 6 percent moisture 31.2 (3.9) 29.4 (3.7) 0.750
(21.4-41.6) (19.6-41.2)
Jan. 13 percent moisture 39.6 (5.8) 33.2 (2.4) 0.347
(24.3-59.8) (27.6-41.9)
Nov. 19 salinity (%o) 55.8 (19.7) 122.8 (11.3) 0.023
(20-127) (91-137)
Nov. 22 salinity (%o) 20.0 (7.1) 24.2 (4.6) 0.635
(7-46) (12-39)
Jan. 6 salinity (%o) 13.2 (2.6) 66.0 (7.9) 0.002
(8-22) (50-96)
Jan. 13 salinity (%o) 5.4 (0.6) 13.4 (2.5) 0.031
(4-9) (9-20)
Elevation (m NGVD) 1.487 (0.02) 1.482 (0.03) 0.887
(1.409-1.534) (1.418-1.585)
% clay 11.8 (3.78) 21.5 (0.89) 0.082
(4.4-28.3) (20.0-25.0)
% silt 21.4 (6.18) 32.7 (2.35) 0.146
(0.0-32.0) (25.0-38.7)
% sand 66.8 (3.22) 45.8 (2.46) 0.002
(58.6-77.5) (36.3-52.5)
% bare ground 4.4 (3.94) 44.0 (11.77) 0.037
(0-22) (15-80)
% cumulative perennial 132.4 (16.31) 64.0 (16.28) 0.029

plant cover (61-159)

(20-120)

had lower soil salinity (January 13, 1997) or the
spatial variation in soil salinity could not be ex-
plained by the predictor variables (November 22,
1996). A comparison of the canopy and panne
habitat soil monitoring plots indicated that the
canopy habitat had higher soil sand content and
cumulative plant cover and lower bare ground and
soil salinity than the panne habitat (#tests; Table
2).

The amount of daily change in soil moisture and
salinity depended on the size of rainfall events
(Fig. 3). In the 1996 rainyear, no rainfall or small
daily rainfalls (< 0.25 cm) were associated with a
decrease in soil moisture and increase in soil salin-
ity, although there was variability in the response.
Medium rainfalls (between 0.25 and 3.0 cm) were
associated with small increases or decreases in soil
moisture and moderate decreases in soil salinity.
Large rainfalls (> 3.0 ¢m) were associated with
large increases in soil moisture and large decreases
in soil salinity. The canopy and panne habitats had
similar responses of soil moisture and salinity to
rainfall amount.

Spatial variations in surface (0-2 cm) soil salinity

and moisture were uncorrelated in the vegetation
monitoring plots of Sweetwater Marsh, Tijuana Es-
tuary, and Los Penasquitos Lagoon. Pearson prod-
uct-moment correlations were not significant for
either the canopy or panne habitats on December
19, 1996 (canopy: p = 0.464; panne: p = 0.436),
December 30, 1996 (canopy: p = 0.087; panne: p
= 0.410), January 6, 1997 (canopy: p = 0.197;
panne: p = 0.283), January 20, 1997 (canopy: p =
0.359; panne: p = 0.864), or January 27, 1997 (can-
opy: p = 0.328; panne: p = 0.558). Mean surface
soil salinity and moisture in the soil monitoring
plots at Sweetwater Marsh were negatively related
over time (November 13, 1996 to January 28,
1997) in the canopy habitat (r = —0.726, p =
0.001) and the panne habitat (r = —0.768, p =
0.001).

The temporal frequency of sampling influenced
the characterization of soil moisture and salinity
(Fig. 4). For soil moisture, weekly sampling begin-
ning on November 13, 1996 would have missed a
large increase in moisture above 50% and quick
decline between November 19 and November 25,
1996 in both the canopy and panne habitats fol-
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Fig. 4. The effect of sampling frequency on surface (2 cm)
soil moisture and salinity (mean = SE) in the soil monitoring
plots at Sweetwater Marsh during the 1996 rain year.

lowing the largest rainfall of the year. Weekly sam-
pling in the panne habitat would have shown salin-
ity decreasing to 34%o following this large rainfall
compared to 18%o documented by daily sampling.
Similarly, weekly sampling in the canopy habitat
would have indicated a decrease in salinity to 20%o
compared to 11%o0 documented by daily sampling.

Monthly sampling beginning on November 13,
1996 would have missed the lowest and highest
moisture levels recorded and the moisture fluctu-
ations in both habitats (Fig. 4). For soil salinity,
monthly sampling would not have recorded the
large decrease in salinity following the largest rain
of the year and subsequent increase in salinity.
Moderate salinity fluctuations in the panne habitat
and a large increase in salinity from December 15,
1996 to January 13, 1997 in both habitats would
not have been evident with a monthly sampling
regime.

GERMINATION PULSES

Large pulses of seed germination (increases in
seedling density) occurred twice during the 1996
season and once during the 1997 season (Fig. 5).
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Fig. 5. Mean seedling density (all species combined, all
three wetlands), mean soil moisture, and mean soil salinity in
the soil monitoring plots (soil mon.) of Sweetwater Marsh and
vegetation monitoring plots (veg. mon.) of Sweetwater Marsh,
Tijuana Estuary, and Los Penasquitos Lagoon. Los Penasquitos
Lagoon data is not included after August 1997.

The first large increase in the total density of seed-
lings (all species combined) occurred following
the 3.9 ¢m rainfall on November 22, 1996. Quan-
tification of seedling density began immediately af-
ter this unexpected, early-season event. No seed-
lings were observed prior to the rainfall and many
new seedlings were observed in the week after the
rainfall (Noe personal observation). A second ger-
mination pulse lasting two weeks followed the 3.3
cm rainfall on January 13, 1997. In the 1997 sea-
son, germination did not follow a specific rainfall
event. Instead, seeds germinated in large numbers
in December 1997 after multiple small and medi-
um rainfall events over the previous month. Only
a few seedlings appeared following the dry season
rainfall (2.0 cm on September 25, 1997) and the
3.9 cm rainfall on February 4, 1998. Soils had high
salinity (40%o0) and low moisture (24%) following
the dry season rainfall.

Discussion

Reduced salinity is a prerequisite for the ger-
mination of seeds of even the most salt-tolerant
halophytes (Chapman 1974; Ungar 1978). In in-
tertidal marshes of southern California, soil salinity
declines with rainfall in winter (termed the low-
salinity gap by Zedler et al. 1992) and seedlings
appear in areas of sparse vegetation. Seedling es-
tablishment in the upper intertidal marsh oc-
curred following decreases in soil salinity below
10-35%0 (Noe and Zedler In press). In addition,
soil moisture increases following rainfall. Soil mois-
ture must exceed 40% for germination to occur in
this system (Noe and Zedler In press). Here we



argue that the low-salinity gap concept should be
revised to include soil moisture conditions.

SOIL MOISTURE AND SALINITY DYNAMICS

Surface soil salinity in the canopy habitat was
consistently lower and less temporally variable than
in the panne habitat, although soil salinity was
highly variable through time in both habitats (Fig.
3). The duration of low salinity during the 1996
rainyear also differed between habitats. The de-
gree of salinity decrease in the canopy habitat dur-
ing the rainy season was similar to that found by
Callaway et al. (1990) and Kuhn and Zedler
(1997). However, salinity in the panne habitat de-
creased far below what Callaway et al. (1990) mea-
sured at Carpinteria Marsh in 1986-1987, a wetter
rainyear than 1996. There were few differences in
surface soil moisture between the canopy and
panne habitats and soil moisture was highly vari-
able through time (Fig. 3).

There was a negative temporal correlation be-
tween surface soil salinity and moisture. In any
plot, soil salinity decreased when soil moisture in-
creased. During the 1996 wet season, substantial
increases in soil moisture or decreases in soil salin-
ity occurred only after two rainfalls larger than 3.0
cm (Fig. 3). This relationship of soil salinity change
in response to rainfall amount is corroborated in
soil microcosms. Leeds (1996) found that experi-
mental rainfalls of 5.4 cm were necessary to de-
crease soil salinity in small greenhouse pots for the
length of the study, 12 d. Rainfalls of < 2.7 cm
decreased soil salinity for only a few days before
salinity returned to pre-rainfall levels (Leeds
1996).

Soil salinity and moisture were not spatially cor-
related in the vegetation monitoring plots of either
the canopy or panne habitats at Sweetwater Marsh,
Tijuana Estuary, and Los Penasquitos Lagoon. In
other words, the soil moisture in a plot could not
be predicted by the soil salinity in that plot. The
lack of a spatial relationship between surface salin-
ity and moisture indicates that there is not a strong
spatial gradient from low moisture and high salin-
ity to high moisture and low salinity in the upper
intertidal marsh.

Soil moisture was higher in areas with more
plant cover on days following large rainfall events,
but not on days immediately before the large rain-
falls (Table 1). This is most likely a result of lower
evaporation rates in areas with high perennial
plant cover; perennial plants in the upper intertid-
al marsh of southern California grow very slowly
during winter months (Noe personal observation)
and likely transpire slowly. The lack of a relation-
ship between soil moisture and plant cover in the
weeks following the large rainfalls indicates that
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the effect of high cover on soil moisture is tem-
porary. Soil moisture varied less in areas with more
bare ground. The rate of water loss in these areas
may be faster than the sampling frequency, where-
as areas with less bare ground, and more cover,
held soil moisture long enough to be measured
before infiltrating or evaporating.

Soil salinity was lower in areas with high peren-
nial cover before large rainfalls and after the sec-
ond large rainfall. This may be a result of lower
evaporation rates and less vertical advection bring-
ing high salinity water to the surface underneath
perennial plant cover. Callaway (1994) also found
that soil moisture was higher and soil salinity was
lower under upper intertidal marsh canopies of
southern California in April. The relationship be-
tween plant cover and soil moisture and salinity
may change at other times of the year when annual
species are larger and more productive and peren-
nial species are more photosynthetically active.

Soils with more clay content had higher soil
moisture before the first large rainfall and after
both large rainfalls, suggesting higher water hold-
ing capacity (Table 1). Soils with more sand had
lower soil salinity before one of the large rainfalls
and higher temporal variability of salinity. Soils
with high clay and low sand content had higher
moisture and salinity and less salinity variability.
While Zedler (1982) found that temporal variabil-
ity in soil salinity increased with intertidal elevation
and Callaway and Sabraw (1994) concluded that
salinity decreased with elevation, there was no re-
lationship between elevation and salinity or salinity
temporal variability within the narrower intertidal
elevation range of this study.

The mechanisms responsible for the dynamics of
soil moisture and salinity were likely evaporation,
infiltration, leaching, and advection. These mech-
anisms have been identified by research on the sal-
inification process in arid-region agriculture (Ko-
vda 1946; Shainberg and Shalhevet 1984; Frenkel
and Meiri 1985). In the salt marsh, infiltration of
the top centimeters of soil by large rainfall events
increased soil moisture content and decreased salt
levels by dilution and leaching of salts into lower
soil. Smaller rainfall events did not leach salts into
lower (below 2 cm) soil depths. Evaporation de-
creased soil moisture content, increased salt con-
centration, and created a hydrostatic gradient, ad-
vection, that brought salt water from the subsur-
face to the soil surface (Greenblatt 1997). Further
evaporation led to the deposition of salts in the
surface soil layers (Greenblatt 1997). Decreasing
soil water content lowered evaporative flux and ad-
vection rates and eventually the advective current
stopped (Hillel 1971). Tidal inundation added
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salts to the soil surface, although tidal inundation
was infrequent in the upper salt marsh (Fig. 3).
This model of soil moisture and salinity dynam-
ics is supported by the analysis of the effect of rain-
fall amount on soil moisture and salinity change,
the negative temporal correlation between mois-
ture and salinity in the soil monitoring plots dur-
ing the rain season, and the higher soil moisture
and lower soil salinity associated with higher cu-
mulative plant cover. Alvarez Rogel et al. (2000)
also hypothesized that rainfall quantity, plant cover,
and soil texture influenced seasonal salinity pat-
terns in Mediterranean salt marshes. Finally, these
evaporation and advection dynamics were also ob-
served in soil microcosms (Noe 1999). Surface soil
salinity rapidly increased in open-top pots with
high evaporation rates until the tops of the pots
were closed. There was little evaporation in closed-
top pots and surface soil salinity did not change.

SEEDLING GERMINATION

Germination events seemed to depend on the
history of rainfall, occurring after single large-size
rainfalls in dry years or multiple small or medium-
sized rainfalls in wet years. The two germination
pulses in the dry 1996 season occurred after large
(> 3.0 cm) rainfalls changed soil moisture and sa-
linity enough to stimulate germination (Fig. 5).
The germination pulse in the wet 1997 season did
not occur following a large rainfall but instead oc-
curred after multiple small and medium rainfalls.
The early season medium-sized rainfall in the 1997
rainyear did not germinate many seeds because
soil salinity was high, soil moisture was low, and the
rainfall was not large enough to change soil salinity
and moisture sufficiently to stimulate germination.
Surprisingly, few seeds germinated following the
large (3.9 cm) rainfall on February 4, 1997 and
associated low salinity and high moisture. It is pos-
sible that the large germination pulse earlier in the
1997 season depleted the seedbank. While there
was spatial variability in seedling density and vari-
ability in the timing of germination of individual
species, the three large germination pulses were a
general trend among the two habitats, three wet-
lands, and multiple species (Noe and Zedler In
press). Although temperature and photoperiod
differs during different periods of the wet season,
the germination of southern California upper in-
tertidal marsh species is affected more by soil sa-
linity than temperature or photoperiod (Noe and
Zedler 2000).

PRECIPITATION VARIABILITY

Rainfall in southern California is highly variable.
From 1850 to 1997, total rainyear rainfall had a CV
of 41.0% and a large range (9 to 66 cm). Annual

rainfall in southern California and Baja California
is correlated with the El Nino-Southern Oscillation
Index (Pavia and Badan 1998), with either positive
or negative extremes in California rainfall occur-
ring during El Nino years (Peterson et al. 1995;
Harrison and Larkin 1998). For example, the 1996
rainyear was characterized by slightly below aver-
age rainfall, 18 cm, while the 1997 rainyear had a
strong El Nino-Southern Oscillation event with to-
tal rainfall (45 cm) far above average. The timing
of rainfall during the October to April wet season
is also highly variable (Fig. 2). Zedler et al. (1992)
concluded that not one year in the long-term re-
cord could be described as having a normal
monthly distribution (within 10% of the mean) of
average monthly rainfall for all months. Large rain-
falls are rare in the historic record and the number
of large rainfalls in a rain season is variable. An
average of one rainfall larger than 3.0 cm occurred
per rainyear and 30% of the years did not have a
rainfall larger than 3.0 cm.

In the upper intertidal marsh, tidal immersion
is infrequent (Fig. 3) and soil salinity is influenced
more by rainfall events than estuarine water salinity
(de Leeuw et al. 1991). The regeneration niche
(Grubb 1977) in the upper intertidal marsh is a
brief time when germination and establishment is
stimulated by large rainfalls that increase soil mois-
ture and decrease soil salinity. The variable rainfall
patterns typical of southern California lead to var-
iability in the frequency, duration, timing, and am-
plitude of changes in soil salinity and moisture. Be-
cause germinating and establishing plants respond
to their immediate surrounding environment
(Harper 1977), variation in soil salinity and mois-
ture could have large effects on the germination
window and community dynamics.

EFrFECT OF TEMPORAL SAMPLING SCALE

In a system with high variability and fast return
to pre-rainfall conditions (Fig. 4), infrequent sam-
ple collection mutes variability and ignores impor-
tant system dynamics. Neither the weekly nor
monthly sampling frequencies accurately predicted
soil moisture and salinity dynamics characterized
by the regime of daily sampling after rainfall.
While a weekly sampling regime may suffice for
most analyses, a monthly sampling regime missed
the high-moisture and low-salinity events that stim-
ulate germination: salinity below 35%o and mois-
ture above 40% (Noe and Zedler In press). The
low-salinity gap in salt pannes at Carpinteria Marsh
(Callaway et al. 1990) exhibited less salinity reduc-
tion than in the salt panne in this study. The 12 to
17 d sampling frequency used by Callaway et al.
(1990) may have missed short, but large, decreases



in soil salinity following rainfall during the wet
1986 rainyear.

An accurate description of the abiotic environ-
ment is important for understanding the gap dy-
namics of plant communities (Pickett and White
1986). The complexity of how details of physical
factors affect germination and establishment are
important (Bazzaz 1996). In California desert, Bea-
tley (1974) determined that no two years have the
same rainfall regime and that the timing and quan-
tity of individual rains were critical for determining
the dynamics of the plant community. Vivian-Smith
and Handel (1996) concluded that small changes
in environmental conditions present in the field
during the colonization phase can alter community
composition. Bliss and Zedler (1998) found that
vernal pool seedbanks respond to soil moisture dif-
ferently depending on the timing of rainfall, du-
ration of inundation, and the duration of in-
creased soil moisture before the onset of inunda-
tion. It has also been shown that the duration, fre-
quency, extent, and seasonality of inundation and
soil saturation controls vegetative composition in
freshwater wetlands (Carter et al. 1994). Finally,
Noe (1999) found that the germination and estab-
lishment of an 11-species assemblage of salt marsh
annual plants in experimental microcosms re-
sponded to differing amplitudes, durations, fre-
quencies, and seasonal timing of low-salinity and
high-moisture events.

The high variability of rainfall in southern Cali-
fornia leads to variation in the conditions critical
for germination in the upper intertidal marsh.
This regeneration niche of high moisture and low
salinity occurs at different times and for different
durations depending on plant cover, soil texture,
and recent rainfall history. Because the establish-
ment of salt marsh and exotic invading species re-
sponds to the complexities of this germination win-
dow (Fig. 5; Callaway and Sabraw 1994; Noe 1999),
temporal variability in rainfall exerts considerable
control on community dynamics.

ACKNOWLEDGMENTS

This work was funded in part by the Earth Island Institute.
G. Noe received awards from the San Diego State University
Joint Doctoral Program, scholarships from the Achievement Re-
wards for College Scientists [ARCS] Foundation for four years,
and a two-year National Estuarine Research Reserve fellowship
from the Sanctuaries and Reserves Division, Office of Ocean
and Coastal Resource Management, National Ocean Service,
National Oceanographic and Atmospheric Administration. Vi-
cki Tripolitis, Meghan Fellows, and Bruce Nyden assisted with
fieldwork. Comments by Boyd Collier, Michael Johnson, and two
anonymous reviewers improved the manuscript. Boyd Collier
also provided valuable assistance on the statistics.

LITERATURE CITED

ALVAREZ ROGEL, J., F. ALCARAZ ARIZA, AND R. ORTIZ SiLLA. 2000.
Soil salinity and moisture gradients and plant zonation in

High Salt Marsh Germination Window 39

Mediterranean salt marshes of Southeast Spain. Wetlands 20:
357-372.

ALVAREZ ROGEL, |., ]. HERNANDEZ, R. ORTIZ SILLA, AND F. ALCAR-
Az. 1997. Patterns of spatial and temporal variations in soil
salinity: Example of a salt marsh in a semiarid climate. Arid
Soil Research and Rehabilitation 11:315-329.

Bazzaz, F. A. 1996. Plants in Changing Environments: Linking
Physiological, Population, and Community Ecology. Cam-
bridge University Press, Cambridge.

BEATLEY, J. C. 1974. Phenological events and their environmen-
tal triggers in Mojave desert ecosystems. Ecology 55:856-863.
Buiss, S. A. AND P. H. ZEDLER. 1998. The germination process
in vernal pools: Sensitivity to environmental conditions and

effects on community structure. Oecologia 113:67-73.

Bouyoucos, G. J. 1962. Hydrometer method improved for mak-
ing particle size analysis of soils. Agronomy Journal 54:464—465.

CALLAWAY, R. M. 1994. Facilitative and interfering effects of Ar-
throcnemum sublerminale on winter annuals. Ecology 75:681-686.

CALLAWAY, R. M., S. J. JONES, W. R. FERREN, JR., AND A. PARIKH.
1990. Ecology of a Mediterranean-climate estuarine wetland
at Carpinteria, California: Plant distributions and soil salinity
in the upper marsh. Canadian Journal of Botany 68:1139-1146.

CALLAWAY, R. M. AND C. S. SABRAW. 1994. Effects of variable
precipitation on the structure and diversity of a California salt
marsh community. Journal of Vegetation Science 5:433-438.

CALLAWAY, J. C. AND J. B. ZEDLER. 1998. Interactions between a
salt marsh native perennial (Salicornia virginica) and an exotic
annual (Polypogon monspeliensis) under varied salinity and hy-
droperiod. Wetlands Ecology and Management 5:179-194.

CARTER, V., P. T. GAMMON, AND M. K. GARRETT. 1994. Ecotone
dynamics and boundary determination in the Great Dismal
Swamp. Ecological Applications 4:189-203.

CHAPMAN, V. J. 1974. Salt Marshes and Salt Deserts of the World.
Interscience Publishers, New York.

DE LEEUW, J., A. VAN DEN DooL, W. DE MUNCK, J. NIEUWENHUIZE,
AND W. G. BEEFTINK. 1991. Factors influencing the soil salinity
regime along an intertidal gradient. Estuarine, Coastal and Shelf
Science 32:87-97.

FINg, B. H. AND J. B. ZEDLER. 1990. Endangered plant recovery:
Experimental approaches with Cordylanthus maritimus ssp. mar-
itimus, p. 460-468. In H. G. Hughes and T. M. Bonnicksen
(eds.), Restoration ’89: The New Management Challenge.
The First Annual Meeting of the Society for Ecological Res-
toration, Madison, Wisconsin.

FRENKEL, H. AND A. MEIRI. 1985. Soil Salinity: Two Decades of
Research in Irrigated Agriculture. Van Nostrand Reinhold
Company, New York.

GARDNER, W. H. 1986. Water content, p. 493-544. In A. Klute
(ed.), Methods of Soil Analysis, Part I. Physical and Mineral-
ogical Methods—Agronomy Monograph No. 9. American So-
ciety of Agronomy—Soil Science Society of America, Madison,
Wisconsin.

GREENBLATT, M. S. 1997. Surface water—Groundwater interac-
tions in a tidal marsh plain. Ph.D. Dissertation. University of
California at Berkeley, Berkeley, California.

GRUBB, P. J. 1977. The maintenance of species-richness in plant
communities: The importance of the regeneration niche. Bi-
ological Reviews 52:107-145.

HARPER, J. L. 1977. Population Biology of Plants. Academic
Press, San Diego.

HARRISON, D. E. AND N. K. LARKIN. 1998. Seasonal U.S. temper-
ature and precipitation anomalies associated with El Nino:
Historical results and comparison with 1997-98. Geophysical
Research Letters 25:3959-3962.

HiLLEL, D. 1971. Soil and Water: Physical Principles and Pro-
cesses. Academic Press, New York.

KINGSBURY, R. W., A. RApLOW, P. J. MUDIE, J. RUTHERFORD, AND
R. RapLOW. 1976. Salt stress responses in Lasthenia glabrata, a



40 G. B. Noe and J. B. Zedler

winter annual composite endemic to saline soils. Canadian
Journal of Botany 54:1377-1385.

Kovpa, V. A. 1946. Origin of Saline Soils and their Regime.
Israel Program for Scientific Translations, Jerusalem.

KunN, N. L. AND J. B. ZEDLER. 1997. Differential effects of salin-
ity and soil saturation on native and exotic plants of a coastal
salt marsh. Estuaries 20:391-403.

LEEDS, J. 1996. Changes in the soil salinity profile and germi-
nation of an upland plant, Isocoma veneta. The San Diego State
University McNair Journal 3:41-51.

NoOE, G. B. 1999. Abiotic effects on the annual plant assemblage
of southern California upper intertidal marsh: Does experi-
mental complexity matter? Ph.D. Dissertation, San Diego
State University, San Diego, California.

NOE, G. B. AND ]J. B. ZEDLER. 2000. Differential effects of four
abiotic factors on the germination of salt marsh annuals.
American Journal of Botany 87:1679-1692.

NOE, G. B. AND J. B. ZEDLER. In press. Spatiotemporal hetero-
geneity of salt marsh seedling establishment in relation to the
abiotic and biotic environment. Journal of Vegetation Science.

PACIFIC ESTUARINE RESEARCH LABORATORY. 1990. A Manual for
Assessing Restored and Natural Coastal Wetlands with Exam-
ples from Southern California. Report No. T-CSGCP-021. Cal-
ifornia Sea Grant, La Jolla, California.

Pavia, E. G. AND A. BAapAN. 1998. ENSO modulates rainfall in
the Mediterranean Californias. Geophysical Research Letters 25:
3855-3858.

PETERSON, D., D. CAYAN, J. DILEO, M. NOBLE, AND M. DETTINGER.
1995. The role of climate in estuarine variability. American Sci-
entist 83:58-67.

PickerT, S. T. A. AND P. S. WHITE. 1985. The Ecology of Natural
Disturbance and Patch Dynamics. Academic Press, San Diego.

RicHARDS, L. A. 1954. Diagnosis and Improvement of Saline and
Alkali Soils. Agricultural Handbook No. 60. U.S. Department
of Agriculture, Washington, D.C.

SHAINBERG, I. AND J. SHALHEVET. 1984. Soil Salinity under Irri-
gation: Processes and Management. Springer-Verlag, Berlin.
SHUMWAY, S. W. AND M. D. BERTNESS. 1992. Salt stress limitation
of seedling recruitment in a salt marsh plant community. Oec-

ologia 92:490-497.

UNGAR, 1. A. 1978. Halophyte seed germination. Botanical Review
44:233-264.

VAN DER VALK, A. G. 1981. Succession in wetlands: A Gleasonian
approach. Ecology 62:688-696.

VIVIAN-SMITH, G. AND S. N. HANDEL. 1996. Freshwater wetland
restoration of an abandoned sand mine: Seed bank recruit-
ment dynamics and plant colonization. Wetlands 16:185-196.

WEIHER, E. AND P. A. KEDDY. 1995. The assembly of experimental
wetland plant communities. Oikos 73:323-335.

WOODELL, S. R. J. 1985. Salinity and seed germination patterns
in coastal plants. Vegetatio 61:223-229.

ZEDLER, J. B. 1982. The Ecology of Southern California Coastal
Salt Marshes: A Community Profile. FWS/OBS-81/54. U.S.
Fish and Wildlife Service, Washington, D.C.

ZEDLER, J. B. AND P. A. BEARE. 1986. Temporal variability of salt
marsh vegetation: The role of low-salinity gaps and environ-
mental stress, p. 295-306. /n D. A. Wolfe (ed.), Estuarine Var-
iability. Academic Press, San Diego.

ZEDLER, J. B., C. S. NORDBY, AND B. E. Kus. 1992. The Ecology
of Tijuana Estuary, California: A National Estuarine Research
Reserve. National Oceanic and Atmospheric Administration,
Office of Coastal Resource Management, Sanctuaries and Re-
serves Division, Washington, D.C.

SOURCE OF UNPUBLISHED MATERIALS

WiLLIAMS, P. Unpublished data on tidal attenuation. Philip Wil-
liams & Associates, 770 Tamalpais Drive, Suite 401, Madera,
California 94925.

Received for consideration, August 5, 1999
Accepted for publication, September 5, 2000



