Journal of
Applied Ecology
2000, 37,
944-958

© 2000 British
Ecological Society

Assisted revegetation trials in degraded salt-marshes

I.T. HANDA and R.L. JEFFERIES

Department of Botany, University of Toronto, 25 Willcocks Street, Toronto, Ontario, Canada M5S 3B2

Summary

1. At coastal sites adjacent to the Hudson Bay lowlands, intensive foraging by
increasing numbers of lesser snow geese Anser caerulescens caerulescens has con-
verted salt-marsh swards to hypersaline mudflats largely devoid of vegetation.
Assisted revegetation trials were undertaken in order to determine the ability of
plants to establish in degraded salt-marsh sediments.

2. Soil plugs of the former dominant graminoids, Puccinellia phryganodes and
Carex subspathacea, were transplanted into plots of hypersaline bare soil. Some
plots were treated with fertilizer and peat mulch to determine if ameliorations
enhance plant growth.

3. Transplants of P. phryganodes established in degraded sediments, but those trea-
ted with fertilizer and peat showed significantly higher growth than those in bare
soil after two growing seasons. The ratio of the mean basal area of plants in treated
plots compared with bare plots was between 1-7 and 4-0: 1 at different sites. Trans-
plants of C. subspathacea did not establish readily in degraded sediments and no
growth enhancement was observed with soil amendments.

4. Growth rate and mortality of plants both varied between sites and years, reflect-
ing variation in the frequency of hot, dry weather from late June to early August
of each year, and the salinity and water content of soils during that period. The
potential for revegetation of mudflats is discussed in the context of the soil degra-
dation processes. Fine-grain variation in soil conditions presents a major challenge
for the restoration of plant assemblages in these coastal marshes.

5. The extent of soil degradation and of vegetation loss makes it unlikely that
unassisted revegetation will occur at some sites, even in the absence of goose fora-
ging, without erosion of consolidated sediments and the establishment of plant
assemblages in fresh unconsolidated sediments.

Key-words: arctic, Carex subspathacea, lesser snow geese, Puccinellia phryganodes,
recolonization, restoration.
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Introduction

Long-term chronic effects of agriculture, animal
grazing and industrial activity have led to decreases
in biodiversity, alterations to biogeochemical cycles,
and land degradation on an international scale
(Daily 1995; Chapin et al. 1997; Dobson, Bradshaw
& Baker 1997; Vitousek er al. 1997). In the Arctic,
land degradation (a decline in species diversity and
primary production and an increase in soil erosion)
is often a consequence of direct and indirect anthro-
pogenic disturbances (Forbes 1997). Direct distur-
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bances include those associated with the oil industry
(Jorgenson & Joyce 1994; McKendrick 1997;
Walker 1997), mining (Elliott, McKendrick & Helm
1987; Densmore 1994), pipeline construction (Ker-
shaw & Kershaw 1987; Harper & Kershaw 1996),
vehicle usage (Forbes 1993) and expansion of
human settlements and military activity (Jorgenson
1997). Indirect disturbances include semi-domesti-
cated animals that damage vegetation as a result of
foraging (Klein 1967; Arnalds 1987; Jacobsen 1987;
Vilchek 1997).

In systems damaged by grazing, restoration (sensu
Bradshaw 1997a) is seldom as simple as lowering
levels of herbivory, because degradation is fre-
quently the consequence of secondary feedbacks in
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the soil environment that cannot be easily reversed
(Westoby 1980; Bazely & Jefferies 1996; Van de
Koppel, Rietkerk & Weissing 1997). Because seed
production is often irregular in arctic plant popula-
tions (Chambers 1997; Urbanska 1997a), most
efforts to reverse degradation in northern regions
have focused on re-establishing a closed canopy of
vegetation with the use of non-native species or a
mixture of native and non-native species, but with-
out the goal of restoring former ecosystem function
(Elliott, McKendrick & Helm 1987; McKendrick
1987; Younkin & Martens 1987, 1994; Magnusson
1997; McKendrick 1997; Forbes & Jefferies 1999).
However, native plants are often superior at estab-
lishing in disturbed sites because populations are
adapted to local environments (Chapin & Chapin
1980; Johnson 1987; McKendrick 1997; Urbanska
1997b). Their use is also more likely to prevent later
successional changes that are unrepresentative of the
area (Younkin & Martens 1987, Bradshaw 1989;
Martens 1995; McKendrick 1997).

Land degradation has occurred in coastal marshes
of the Hudson Bay lowlands, where foraging activ-
ities of staging and breeding lesser snow geese Anser
caerulescens caerulescens L. (Jano, Jefferies & Rock-
well 1998) have damaged vegetation and soil. In
recent decades, the mid-continent population of
snow geese has increased exponentially at a steady
rate of about 7% per annum (Cooke, Rockwell &
Lank 1995), probably as a result of the high-quality
agricultural food subsidy that is available to the
birds during winter and along migration routes
(Abraham, Jefferies & Rockwell 1996). Grubbing by
adults in the early spring (Jefferies 1988a,b; Kerbes,
Kotanen & Jefferies 1990) and intense grazing by
family groups in summer has led to loss of salt-
marsh vegetation via a positive feedback mechanism
that results in hypersaline soil (Iacobelli & Jefferies
1991; Srivastava & Jefferies 1995b, 1996). Former
Puccinellia—Carex swards have been replaced by
mudflats often devoid of vegetation. In some inland
salt-marshes and at some sites in the upper levels of
the intertidal marshes, transient populations of the
annual halophytes Salicornia borealis (Wolff & Jeft-
eries) and Atriplex patula var. hastata L. have colo-
nized mudflats.

The objective of this study was to examine
whether, in the absence of goose foraging, the two
abundant native perennial salt-marsh graminoids,
Puccinellia phryganodes (Trin) Scribn. & Merr. and
Carex subspathacea Wormskj, could re-establish in
degraded salt-marsh soils as an initial step in the
revegetation of these habitats. In particular, we
assessed the potential for recolonization when (i)
immigration into the soils was assisted by the trans-
planting of plugs of intact vegetation with soil from
a non-degraded site, and (ii) the soil environment
was ameliorated with fertilizer and/or peat mulch to
assist establishment of transplants.

Materials and methods

SITE DESCRIPTION

Extensive coastal flats occur at La Pérouse Bay,
Manitoba (58°44'N, 94°28'W). The topography of
the land is flat with minor relief (< 2m) resulting
primarily from frost-heaving of unconsolidated sedi-
ments and ephemeral streams and ponds that
develop following snow-melt or heavy precipitation
events. The size of the lesser snow goose colony in
the La Pérouse Bay area is estimated at 44500
breeding pairs (K.F. Abraham, R.F. Rockwell & K.
Ross, unpublished aerial survey 1997). At present,
2500ha of vegetation in tidal and fresh-water
marshes in the vicinity of La Pérouse Bay have been
adversely affected by geese (Jano, Jefferies & Rock-
well 1998). In the few intact areas of intertidal salt-
marsh that remain, the dominant graminoids are P.
phryganodes, a stoloniferous grass, and C. sub-
spathacea, a rhizomatous sedge (nomenclature fol-
lows Porsild & Cody 1980). At higher elevations in
the supratidal salt-marsh (tidal cover <2 events
every 3 years) or on frost-heave hummocks, two cae-
spitose grasses, Festuca rubra L. and Calamagrostis
deschampsioides Trin., and low-lying willow bushes
of Salix brachycarpa Nutt. and Salix myrtifolia
Anderss. replace the Puccinellia—Carex community
(Jefferies, Jensen & Abraham 1979). The snow-free
season usually extends from late June to late Sep-
tember.

STUDY SPECIES

Puccinellia phryganodes establishes exclusively by
clonal propagation; it is sterile (Bowden 1961). Seed
set by C. subspathacea is a rare event at La Pérouse
Bay because of heavy grazing of inflorescences
(Chou, Vardy & Jefferies 1992). Both species can
also establish from single leaves and other plant
fragments generated by goose grazing (Chou, Vardy
& Jefferies 1992).

EXPERIMENTAL DESIGN

Sites were selected where intact and degraded
patches were present in close proximity. For each
species, three sites were chosen where irregularly
shaped patches of remnant swards existed, most of
which were about 20m? or less in area. The grami-
noid that was to be transplanted was the dominant
plant species of the remnant sward. Transplant sites
for P. phryganodes on the east shore of La Pérouse
Bay were separated by 75-100m. Sites for C. sub-
spathacea were in a supratidal marsh 3km inland
from the coast, each separated by 25-50m. Care
was taken to choose patches at roughly equal eleva-
tion and on level ground to control for differences
in snow-melt and water drainage.
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Four replicated pairs of 1x 1-m chicken wire
exclosures were erected at each site approximately
15-20m apart. Each pair consisted of an exclosure
on a degraded vegetation patch proximal (< 5m) to
one on an intact sward. Degraded patches were cho-
sen where an undisturbed cyanobacteria—diatom
crust occurred. Cyanobacteria typically colonize
bare sediments (Bazely & Jefferies 1989a) in early
spring and form a continuous algal crust (1-2mm)
on the surface. As summer progresses, however, the
crust blisters, dries out and cracks, and is blown
away.

Transplants were cored from a single intact patch
of the appropriate species (5 x 5 m) adjacent to the
three experimental sites, in order to minimize geno-
typic variation (Jefferies & Gottlieb 1983). Each
cored soil plug was 22mm in diameter x 40 mm in
depth and typically consisted of three to five tillers
of P. phryganodes or C. subspathacea. The rooting
zone for these graminoids was in the top S0 mm of
the soil. Each 1 x 1-m exclosure was planted with 42
plugs (7 columns x 6 rows), that were 7cm apart.
The 22 plugs close to the perimeter of each exclosure
acted as a buffer zone. The remaining 20 plugs in
the inner 5 x 4 matrix were designated as experimen-
tal plants and scored for rates of growth and senes-
cence. Plugs of P. phryganodes and C. subspathacea
were planted on 17-21 June 1996 and 25-28 June
1996, respectively.

Five treatments were applied in total to each
replicated pair of exclosures. Plugs were trans-
planted into exclosures with intact swards to ensure
that the transplanting itself did not cause plant
death. Each exclosure in a degraded area was subdi-
vided into four plots and each plot was randomly
assigned one of the following treatments: (i) bare
sediment (no amelioration); (ii) addition of nitrogen
and phosphorus fertilizer; (iii) addition of peat
mulch; and (iv) a combination of nitrogen and phos-
phorus fertilizer and peat mulch additions. Fertilizer
was sprinkled evenly across the plots as inorganic
salts at the time of transplanting (10-5gof N m~> as
NH4CIl and 4-45 g of P m~2 as NaH,PO,2H,0)
(Jefferies & Perkins 1977; Cargill & Jefferies 1984).
The peat mulch consisted of fully decomposed sur-
face organic material from beneath Salix bushes
that grew on frost-heave hummocks in the suprati-
dal marsh. All living moss, large roots and rhizomes
were removed from the mulch and a 5-mm layer
was applied uniformly by hand on a treatment plot.
Edge effects in adjacent subplots were absent. Indi-
vidual tillers of these plants were only about 2-5cm
in length and leaf lengths were between 0-5 and 0-75
cm.

MONITORING OF ABOVE-GROUND BIOMASS

Plants were monitored for growth, senescence and
death during the growing seasons of 1996 and 1997,

except that plants in the intact swards were scored
only in 1996. Plants were scored as ‘dead’ when
there was no visible greenery in the shoot system,
and as ‘senescing’ when shoots were predominantly
yellow in appearance with only between one and
three shoots entirely green. Both species showed a
combination of ‘guerrilla’ and ‘phalanx’ growth
strategies (sensu Lovett Doust 1981). In order to
monitor both growth patterns, the basal area of
plant cover was measured based on a system of con-
centric circles that extended outwards at increments
of 11 mm from each plug centre. For each plug, the
mean radial extension (to the nearest 11 mm) and
percentage cover (within the mean radial extension
circle) were estimated visually. Basal area of plant
growth (A) was calculated by using the formula A
=(% cover) mr*, where r=the radius of the mean
radial extension circle. This non-destructive techni-
que was used to measure growth of living plants in
all treatments in exclosures in degraded areas on
sampling dates in 1996 and 1997. On three dates in
1997, turves (12 x 4 cm) were collected from the buf-
fer zone of treatment plots, including the intact
swards in three of the four exclosures (selected at
random) at each site, to measure above-ground bio-
mass. These turves were clipped and washed to
remove dirt and dead biomass, dried at 50°C for 1
week and weighed on an analytical balance to the
nearest milligram.

MONITORING OF ENVIRONMENTAL
VARIABLES

Measurements of plot elevation were made with a
quick-set level. Soil characteristics that were
recorded included profile descriptions and measure-
ments of particle size, bulk density, sodium content,
gravimetric water content, redox potential, total car-
bon and nitrogen, relative surface evaporation and
surface temperature. In June 1996, plots (40 x 60
cm) of each of the bare, mulched and intact vegeta-
tion treatments were established adjacent to nine of
the twelve paired exclosures (three per site chosen at
random). Soil samples were collected by cutting 5 x
5 x 5-cm blocks within each plot. In 1997, in addi-
tion to soil samples taken from outside exclosures,
samples of similar size were taken from inside three
of the four treatment exclosures (chosen at random)
at each site. These samples were collected from the
outer edges of the buffer zone, in order to avoid
destruction of transplanted plants in the inner
matrix.

With the exception of measurements of particle
size, surface temperature and evaporation, which
were made only in the intertidal marsh, all measure-
ments were made at both marshes. Methods fol-
lowed Srivastava & Jefferies (1995a) for the
determination of sodium and gravimetric water con-
tent, redox potential and surface evaporation, and
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Wilson & Jefferies (1996) for the determination of
total carbon, nitrogen and bulk density (the latter
calculated for soil depths at 0-2cm and 2-4cm).
Proportions of sand, silt and clay were determined
using the hydrometric method (Sheldrick & Wang
1993). Surface temperature was measured with the
use of a fine thermistor wire inserted in soil to a
depth of 0-5cm and attached to a precalibrated volt-
meter.

Elevation of all exclosures, relative to a Depart-
ment of National Defence benchmark (set to an
arbitrary zero), was determined using a quick-set
level and surveying staff.

STATISTICAL METHODS

Estimates of the above-ground growth, senescence
and plant death of plants from plugs were analysed
using the S-PLUS statistical software (version 3.3;
Math Soft Inc. 1995). All analyses were based on a
split-plot factorial design (Kirk 1982) with site
crossed with treatment and exclosure nested within
site. A plot mean was calculated based on values
recorded for plugs within a plot (n <20). Data of
plant death and senescence were analysed by the use
of a general linear model (McCullagh & Nelder
1983). The models were generated with a binomial
‘family’ specification and subsequently tested for sig-
nificance with a chi-square test that used a like-
lihood ratio argument (Venables & Ripley 1997).
For these analyses, the percentage deviance ex-
plained by significant factors in the model is reported
(D4, of factor, total d.r. = deviance of the factor/total
residual deviance x 100). Estimates of above-ground
growth of plants from plugs were analysed with a
mixed-model ANOVA in which treatment was de-
fined as a fixed factor, while site and exclosure were
defined as random factors.

Environmental data were analysed with the
MINITAB statistical software (version 10-2; Mini-
tab Inc. 1994) based on a mixed model two-factor
ANOVA (Kirk 1982) for treatment (fixed) crossed by
site (random). ‘Exclosure’ was not treated as a fac-
tor in the environmental analyses because edaphic
samples were not as spatially concentrated as the
above-ground growth measurements that were taken
from within an exclosure. For the analysis of soil
redox data in 1997 at both intertidal and supratidal
marshes, the midpoint of the recorded range was
used. Redox data from the intertidal marsh in 1996
were not amenable to ANOVA techniques because of
unequal variances and non-parametric distributions.
Although Kruskal-Wallis tests also assume equal
variances (Underwood 1997), they were used as a
non-parametric alternative to examine redox data.
All experiments were originally established with a
balanced design, but because of difficulty in extract-
ing soil water from samples as well as sodium con-
tamination there was some loss of replicates. In such

cases, a general linear model, in which equal impor-
tance was assigned to each treatment mean, was
used (Neter, Wasserman & Kutner 1990).

Homogeneity of variance for all analysis of var-
iance tests was verified (P > 0-05) based on Bar-
tlett’s test statistic for normal data (Zar 1984) and
Levene’s test statistic for data with slight deviations
from normality (Minitab Inc. 1994). Slight devia-
tions from normality were tolerated as analysis of
variance techniques have been considered to be
robust to such deviations (Underwood 1997). Some
transformations were necessary to correct for het-
eroscedasticity. Data of gravimetric soil water con-
tent in the intertidal marsh in 1996, and sodium
contents of soil solutions in 1996 and 1997 from
both intertidal and supratidal marshes, were trans-
formed by taking the natural logarithm. Data of
above-ground biomass from the intertidal marsh
and basal area of plants for the supratidal marsh
were transformed by taking the square-root of
values. Unplanned pair-wise comparisons for testing
differences among means were based on Tukey’s
contrasts (controlling for experiment-wise error)
with appropriate modifications for the design in
question (Kirk 1982).

Results

GROWTH OF TRANSPLANTS OF
PUCCINELLIA PHRYGANODES

All plants of P. phryganodes that were transplanted
into exclosed intact patches of vegetation survived
the first growing season (Fig.1). Some plants died
that were transplanted into exclosed degraded soils
by 29 July 1996, and further deaths were recorded
on all sampling dates in 1997. On all dates in 1997,
plant death varied significantly with site (D,47=
18-2-18-7%; P <0-05) and exclosure (Dg 47 =52-4—
54-6%; P < 0-05) but not with treatment. The high-
est incidence of plant death was recorded at site 1,
followed by sites 3 and 2, respectively (Fig.la).
Peak plant senescence varied significantly with treat-
ment on 9 July 1996 (D;47=34-3%; P < 0-01) and
with site on 20 July 1996 (D, 47=25-7%; P < 0-05)
but with none of the factors in 1997.

Basal area of plants (Fig.2) varied significantly
with treatment (F3¢=33-3, 140, 3-13, 19-0, 188,
17-6; P < 0-01), site (Fs=31-1, 19:3, 16-5, 16-3,
22-4, 12-6; P < 0-01) and exclosure (Fg6=9-7, 211,
179, 20-2, 18-1, 17-6; P < 0-001) on 29 July 1996
and on all five dates, respectively, in 1997. On all
sampling dates, plants with no amelioration had a
significantly lower basal area than plants that
received amelioration treatments (Tukey, P < 0-05).
Plants that were given the fertilizer or mulch (the
growth of the plants was not significantly different
from one another) had significantly lower values of
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Fig. 1. Death of plants of Puccinellia phryganodes shown by treatment and site (1-3) in the intertidal marsh of La Pérouse
Bay, Manitoba. Planting was completed on 20 June 1996 and plugs were scored on 11, 20 and 29 July 1996 and on 25 June,
6, 17, 29 July and 12 August 1997. Each point shows the mean value per plot (error bars show 1 SEM; n=4 plots per treat-
ment, per site) of dead plants as a proportion of total plants transplanted as plugs into plots. The intact vegetation treat-

ment was monitored in 1996 only.

growth than plants that received the combined treat-
ment of fertilizer and mulch (Tukey, P < 0-05 to P
< 0-001). On all sampling dates, plants from site 1
had significantly lower basal areas than comparable
values for plants at site 2 (Tukey, P < 0-001 to P <
0-01). Plants from site 3 had significantly lower
basal areas than plants in site 2 (Tukey, P < 0-01 on
all dates).

Above-ground biomass in the second growing sea-
son (Table 1a) did not vary significantly by site or
exclosure, but showed significant differences in
response to treatment on 21 June 1997 (F47;=10-2;
P <0-01), 19 July 1997 (F43=14-7; P < 0-001) and
10 August 1997 (F48=22-0; P <0-001). On these
dates, plants from intact swards showed significantly
higher biomass than those from other treatments
(Tukey, P < 0-01). In addition, on 19 July 1997
plants that received no amelioration had signifi-
cantly lower biomass than those that were given fer-
tilizer, mulch or the combined treatment (Tukey, P
< 0-01).

ENVIRONMENTAL MEASUREMENTS AT THE
INTERTIDAL MARSH

Soils in degraded sites lacked an organic layer, and
had significantly higher bulk densities, clay content,
surface temperatures and evaporation rates than
soils in sites where swards were intact (Table2a).
Although elevation did not differ significantly by
treatment, on average (mean =+ SEM; n=12 per
treatment) intact swards (16-5 = 1-5cm) were 3cm
higher than degraded soils (13-1 £ 0-8cm). Sand
and silt content, total carbon, total nitrogen and the
soil water content of degraded sediments did not
vary significantly with treatment, but did vary signif-
icantly with site (Table 2b). Soils from inside exclo-
sures at site 1 had significantly higher sand content,
lower silt content and lower soil moisture than cor-
responding values for soils at sites 2 and 3. Soils
from site 2 had significantly greater total carbon
and greater total carbon and nitrogen than soils
from sites 1 and 3, respectively.
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Fig.2. Mean cumulative basal area of plants of Puccinellia phryganodes shown by treatment and site (1-3) in the intertidal
marsh at La Pérouse Bay, Manitoba. Planting was completed on 20 June 1996 and plants were scored on 29 July 1996 and
25 June, 6, 17, 29 July and 12 August 1997. The plotted points show the mean value per plot (error bars show 1 SEM when
n=4 per treatment, per site), except where all plants in a plot died. On sampling dates n =4 plots, except for the bare treat-
ment at site 1 in 1997 where n =2 because of mortality of all plants in two plots.

Soil salinity (Fig. 3) varied significantly with treat-
ment on all sampling dates in 1996 and 1997 (F, 4=
1366, F2’4 = 953, F2’4 = 133, F4,8 = 104, F2,4 = 304,

Fe12=407, Fs12=4-10; P <0-0001 to P < 0-05)
and varied significantly with site on 29 July 1996
(F215=06-16; P <0-01) and 19 July 1997 (Fr4=

Table 1. Mean above-ground biomass for each treatment (expressed as g m 2 + SEM), data pooled over all three sites due
to plant death, n <9, at (a) the intertidal marsh dominated by Puccinellia phryganodes, and (b) the inland supratidal marsh
dominated by Carex subspathacea, at La Pérouse Bay, Manitoba

(a) Treatment 21 June 1997 19 July 1997 10 August 1997

Intact vegetation 136-8 + 19-0 141-6 + 24-1 141-6 = 192
Bare soil 29-4 + 159 774 £+ 44-1 98-8 + 56-4
+N/P 47-1 + 26-5 108-3 + 47-1 1223 + 585
+ Mulch 44.5 = 165 91-6 = 309 77-7 £ 25-5
+ N/P + mulch 84.5 + 34-1 134.9 + 490 1782 + 674

(b) Treatment 27 June 1997 24 July 1997 15 August 1997

Intact vegetation 8340 £+ 21-2 120-60 + 16-2 13790 + 27-0
Bare 0-54 + 0-17 0-72 + 0-31 3.24 +£1-33
+N/P 2.72 £ 1.28 294 + 120 4.38 + 1-85
+ Mulch 227 £ 0-89 34.7 £ 11-0 397 + 1-86
+ N/P + mulch 0-98 + 0-31 25.5 + 823 3.49 +1.22
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Table2. Mean values for soil environmental variables that differed significantly by (a) treatment or (b) site at the intertidal
marsh on the east shore of La Pérouse Bay, Manitoba (+ SEM; n=9, unless otherwise indicated), dominated by Puccinellia

phryganodes
(a) Factor Bare soil Vegetated soil Significance level Tukey contrast
Depth of organic layer (cm) Organic layer absent 0-40 = 0-20 - -
Bulk density (g cm ™)
0-2cm depth 0-60 £ 0-03 0-46 + 0-03 F114=10-6 P < 0-05
P <001 Bare > Veg.
2-4cm depth 0-56 + 0-04 0-44 + 0-04 F14=06-1 P <0-05
P < 0-05 Bare > Veg.
Clay content (%) 12-8 £0-6 9:6 £1-0 Fi14=72 P <005
P <0.05 Bare > Veg.
Evaporated water (%)
June 201997 (n=9) 156 £ 1.3 102+ 1.3 Fr4=5-0 NS
P=0-08
July 191997 (n=27) 304 £0-8 13-8 £3.5 F>4=24-43 P <0-05
P <001 Bare > Veg.
Temperature (°C)
19 July 1997 (n=9) 20-1 £ 0-4 16-1 £ 0-6 F4=418 P <0-05
P < 0-01 Bare > Veg.
17 August 1997 (n =30) 18-8 £ 0-1 16:5+0-2 F,4=10-6 P <0-05
P <0.05 Bare > Veg.
(b) Factor Site 1 Site 2 Site 3 Significance level Tukey contrast
Sand content (%) 432 + 14 33.1 £ 16 37.8 £2.0 F1,=83 P < 0-05
(n=06) P <001 S1>8S2=S3
Silt content (%) 456 £ 1.5 549 +£1.9 523+ 1-8 F1,=70 P <0-05
(n=06) P <001 S1 <S2=S3
Total soil carbon 11.5+0-3 122 £0-3 10-8 £ 0-3 F>15=69 P <0-05
(% dry weight of soil) P <001 S2 >S1=S3
Total soil nitrogen 0-58 £ 0-03 0-65 £ 0-04 0-52 £ 0-04 Fr13=54 P <001
(% dry weight of soil) P <0-05 S2 > S3
Soil water content 0-43 £ 0-02 0-84 £+ 0-02 0-80 + 0-04 F554=060-8 P < 0-001
measured inside exclosures P < 0-0001 S1 <S2=S3

(g of water g~' dry weight) (n=12)

4.84; P < 0-05). On all dates, soils from intact
swards were significantly less saline than those from
bare and mulched plots adjacent to exclosures
(Tukey, P < 0-05). Soils from intact swards were
also significantly less saline than those from treat-
ment plots inside exclosures on 21 June 1997
(Tukey, P < 0-05), but not on 19 July 1997 or 10
August 1997.

Soil water content and soil redox potential did
not vary significantly with treatment or site. Mean
water content generally varied between 0-48 and
0-78 g of water g~' dry weight of soil except on 11
July 1996, when mean values calculated for some
bare and mulch-treated plots exceeded 1-0 g of water
g~ dry weight of soil. Median redox potential
values in both years typically ranged from 250 to
270mV in degraded and intact sites. At these Ej
values, aerobic decomposition of organic matter and
nitrification can still occur (Metting 1993).

GROWTH OF TRANSPLANTS OF CAREX
SUBSPATHACEA

Plants of C. subspathacea that were transplanted
into exclosed intact swards of this species survived
the first growing season (Fig.4). Some plants that
were transplanted into exclosed degraded soils had
died by 28 July 1996, and on all subsequent sam-
pling dates in 1997 further deaths were recorded. On
all dates, mortality varied significantly with exclo-
sure (D9 47=91-6-93-0%; P <0-0001 to P<
0-000001) but not with site or treatment. By the sec-
ond growing season, more than 75% of plants from
transplanted plugs had died in 28 of the 48 plots in
degraded soils; these plots were located in eight of
the 12 exclosures. Peak plant senescence values were
observed generally on 10 and 18 July 1996. Plant
senescence varied significantly with exclosure on 10
July 1996 (Dy47=79-7; P < 0-0001), 18 July 1996
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Fig. 3. Sodium content of soil solution in 1996 and 1997 shown by treatment and site (1-3) at the intertidal marsh, La Pér-
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tion plots, while closed symbols show the soils sampled from treatment plots inside revegetating exclosures (error bars show
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(D9 47="57-7; P <0-001) and 28 July 1996 (Dy47=
80-9; P < 0-01), but no significant differences were
detected in 1997.

Basal area of plants (Fig.5) did not vary signifi-
cantly with treatment on any dates, but varied sig-
nificantly with site (F,,6="70-9, 6-15, 7-96, 9-99, 8-52,
13-8; P < 0-05 to P < 0-001) and exclosure (Fg 5=
27-6, F,5=>51-1, 91.7, 59-0, 642, 69-8; P < 0-001)
on 28 July 1996 and on all sampling dates in 1997,
respectively. Site 1 had plants with significantly
greater basal area than those in sites 2 (Tukey, P <
0-01 on all dates) and 3 (significant on 28 July 1996
and 26 June 1997 only; Tukey, P < 0-01). On all
dates, site 3 had plants with significantly greater
basal area values than those in site 2 (Tukey, P <
0-01 to P < 0-05).

Above-ground biomass (Table 1b) varied signifi-
cantly with exclosure on 27 June, 24 July and 15
August 1997 (F43=5-78, 7-28, 11-02, respectively; P
< 0-05 to P < 0:01). On all dates, values measured
in intact swards were significantly higher than those
measured in treatments on degraded soils (Tukey, P
< 0-001).

ENVIRONMENTAL MEASUREMENTS AT THE
INLAND MARSH

Soils at the inland marsh were organic in the top 3
cm of the soil profile. Although bulk density did not
vary significantly by treatment or site, mean bulk
density was slightly lower in soils beneath intact
swards than those from degraded soils. Mean bulk
densities of soils in exclosures beneath intact swards
and degraded soils, respectively (£ SEM, n=6 per
treatment), were 0-80 £ 0-07 and 0-72 £ 0-10 at a
depth of 0-2cm, and 1-11 + 0-28 and 0-72 £ 0-08 at
a depth of 24 cm. Total carbon, total nitrogen and
soil moisture content recorded on all dates in 1996
varied significantly with treatment, but not with site
(Table3a). In all cases, values were significantly
greater in soils from intact swards than in soils from
degraded sites (Table 3a).

Soil sodium content (Fig. 6) varied significantly by
treatment on all dates in both years (F,4=689-4,
F>4=1839, F,4,=4808, F,3=142, F,,=1018,
Fg1,=119 and Fs,,=20-9; P <0-0001 to P<
0-001). On all dates, sodium content in soils with
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Fig.4. Death of plants of Carex subspathacea shown by treatment and site (1-3) at the inland supratidal marsh at La Pér-
ouse Bay, Manitoba. Planting was completed on 28 June 1996 and plugs were scored on 10, 19, 28 July 1996 and on 26
June, 10, 23 July and 2, 15 August 1997. Each point shows the mean value per plot in relation to treatment and site of dead
plants as a proportion of total plants transplanted as plugs into plots (error bars show 1 SEM; n=4 plots per treatment,
per site). The intact vegetation treatment was monitored in 1996 only.

intact vegetation was significantly less than that
measured in other treatments, both inside and out-
side exclosures (Tukey, P < 0-001 to P <0-01).
Sodium content varied significantly by site on 27
June 1997 only (Fig. 6; F>45=3-48; P < 0.05). Sites
1 and 2 showed higher salinity values than those at
site 3 (Tukey, P < 0-001 and P < 0-01 for respective
contrasts). Most other treatment contrasts were
insignificant.

Redox potential ranges were —160 to 260 mV in
1996 and 30 to 320mV in 1997. Redox potential did
not vary significantly by treatment or site, with the
exception of values measured on 10 July 1996 (by
treatment, F,4=11-2; P < 0-05) and 24 July 1997
(by site, at a depth of 0-2cm, Fr9=06-24; P < 0-05;
and at a depth of 24cm, F,9=23-2; P < 0-001).
Other significant differences among sites
observed in measurements of soil moisture (1997
only) and elevation of plots (Table3b). Although

were

differences were not strong, site 3 was at a higher
elevation and generally wetter than the other two
sites (Table 3b; I.T. Handa, personal observation).

Discussion

All plants of P. phryganodes and C. subspathacea
survived when transplanted into intact swards; in
contrast, only some plants of both species estab-
lished in degraded sediments (Figs1 and 4). Estab-
lishment was greater with plugs of P. phryganodes
than with those of C. subspathacea, as observed by
Srivastava & Jefferies (1996) when both graminoids
were transplanted from high biomass swards into
low biomass swards. The difference is due, in part,
to the higher salt tolerance of P. phryganodes than
that of C. subspathacea (Srivastava & Jefferies
1995b). Seasonal shoot production is greater in Puc-
cinellia plants than in Carex plants (Kotanen & Jef-
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Fig.5. Mean cumulative basal area of plants of Carex subspathacea during the growing seasons of 1996 and 1997 at the
inland supratidal marsh at La Pérouse Bay, Manitoba. Plugs were planted by 28 June 1996 (mean planting date) and plants
were scored in 1996 on 29 July and in 1997 on 25 June, 6, 17, 29 July and 12 August. The plotted points show the mean
value per plot (error bars show 1 SEM; n=4 plots per treatment per site for sites 1-3), except where mortality of all plants

in plots occurred.

fries 1987; Bazely & Jefferies 1989b), which may
also facilitate quicker establishment by the stoloni-
ferous grass than the rhizomatous sedge.

High spatial and temporal variability in successful
establishment of plants has been reported in other
arctic studies (Holt 1987; Kershaw & Kershaw 1987;
Harper & Kershaw 1996; Jorgenson 1997; Strand-
berg 1997). Results from this study indicate that the
establishment (Figsl and 4) and basal area of
growth (Figs2 and 5) of both species were affected
significantly by the location of exclosures, and to a
lesser extent by the location of the site (¢. 2500 m?)
in the respective marshes in which the four exclosure
pairs were nested. This effect of location on estab-
lishment and growth reflected the fine-grained spa-
tial variation of the edaphic environment within
degraded areas, which was invisible to the eye when
selecting sites for exclosures. Although some edaphic
measurements differed between sites on some dates,
such as sand and silt content, salinity, total carbon,
nitrogen and water content (Tables 2b and 3b, Figs 3
and 6), many measurements showed greater within-
site variance than between-site variance.

Much of the edaphic variance may be associated
with temporal and spatial components of the degra-
dation processes. Degradation of the marsh occurs
in patches (Srivastava & Jefferies 1995a). Measure-
ments that compared soils from intact and degraded
swards, separated by a distance of less than 5m,
indicated significant differences in soil salinities at
both marshes (Figs3 and 6). Differences were also
recorded in bulk densities, temperatures and eva-
poration rates of soils in the intertidal marsh (Table
2a), and in total carbon, nitrogen and moisture (in
1997) in soils at the inland marsh (Table 3a). Soils
that have been bare for a long time will probably be
more degraded than soils that have recently lost
vegetative cover, based on the above characteristics.
Hence, revegetation potential of a patch may
depend strongly on the time since cover was lost.

The revegetation potential of a degraded patch is
also dependent on weather conditions. Plants of P.
phryganodes transplanted in spring 1997 showed
much lower establishment and growth rates than
those initiated in 1996 (Handa 1998). A comparison
of weather conditions in the 2 years indicated that
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Table 3. Mean values for soil environmental variables that differed significantly by (a) treatment or (b) site at the supratidal,
inland marsh at La Pérouse Bay, Manitoba (+ SEM; n=9, unless otherwise indicated), dominated by Carex subspathacea

(a) Factor Bare soil Vegetated soil Significance level Tukey contrast
Total soil carbon 22.9 £ 2.4 326 £24 Fr4=27-0 P <0-01
(% dry weight of soil) P <001 Veg. > Bare
Total soil nitrogen 1.7 £0-2 2:5+0-2 F>4=56-8 P < 0-001
(% dry weight of soil) P <0-01 Veg. > Bare
Soil water content (g of water g~' dry weight)
10 July 1996 1-36 £ 0-13 230 £ 0-14 F,4=483 P <001
P <001 Veg. > Bare
19 July 1996 1-35 £ 0-15 197 £ 0-15 F>4=52-1 P <0-01
P < 0-001 Veg. > Bare
28 Julv 1996 1-89 £ 0-13 1.73 £ 0-27 NS NS
(b) Factor Site 1 Site 2 Site 3 Significance level Tukey contrast
Elevation 94.4 + 2.0 982 + 1.6 100-6 = 15-0 F>13=36 P <0-05
(n=38) P <005 S3>S1=S2
Soil water content (g of water g~' dry weight)
10 July 1997 1-15 £ 0-16 1-50 £ 0-10 1.72 £ 0-16 F>5=44 NS
P <005
24 July 1997 1.23 £ 0-06 1-69 £ 0-18 1.68 £ 0-11 F>40=4-0 NS
P <005
15 August 1997 1-62 £ 0-09 132 £ 0-06 1-62 £ 0-08 F>40=5"1 NS
P <005

in 1997 there was lower precipitation, higher tem-
peratures, lower relative humidity and higher wind
speeds (Handa 1998). All these factors contributed
to increasing evaporative loss from soils and thus
probably decreased the growth potential of plants
transplanted at that time. The conditions observed
in 1997 may be indicative of changes that are pre-
dicted to occur in the Arctic in response to global
climate change (Kane et al. 1992; Maxwell 1992).
Such changes could make revegetation increasingly
difficult.

Despite differences in growth observed among
sites (Fig. 2), plants of P. phryganodes that received
fertilizer and/or mulch grew significantly more than
plants in bare plots. After two growing seasons, the
ratio of the mean basal area of plants from treated
plots compared with bare plots varied between 1-7:
1 and 4:1, depending on the site. Nutrient supply
often limits plant growth in arctic sites (Jonasson
1992; Chapin et al. 1995). At La Pérouse Bay, the
availability of nitrogen has been shown to limit net
above-ground primary production of Puccinellia—
Carex swards (Cargill & Jefferies 1984). Further-
more, in degraded swards, the levels of total nitro-
gen, exchangeable nitrogen and net mineralization
rates were reduced (Wilson & Jefferies 1996). The
results of the trials with P. phryganodes were consis-
tent with the results of other arctic and alpine stu-
dies that have shown that fertilizer enhanced
recovery (McKendrick & Mitchell 1978; Chapin &

Chapin 1980; McKendrick 1987; Chambers 1997,
Magnusson 1997; McKendrick 1997).

Results also indicated that peat mulch was more
effective at enhancing growth of P. phryganodes
than fertilizer alone (Fig.2). Several authors have
stressed the importance of organic soil and the
manipulation of the microclimate to ensure ade-
quate soil moisture for plant growth in revegetation
trials (Cargill & Chapin 1987; Ferchau 1988; Cham-
bers 1989; McKendrick 1997). The organic layer can
provide a continual release of nutrients to colonizers
in the growing season (Cargill & Chapin 1987), and
peat mulch increases the water retention capacity of
soils (Bradshaw 1997b), particularly under hypersa-
line conditions (Ungar 1996). The mulch also
decreases the surface albedo and provides insulation,
thereby raising surface temperatures (Rosenberg,
Blad & Varma 1983; Oke 1995). Experiments in
1997 that manipulated the water and temperature
regimes of soil surrounding transplanted plugs of P.
phryganodes indicated that the growth of P. phryga-
nodes was significantly enhanced by the addition of
water, but was not affected by differences in thermal
regimes (Handa 1998). In addition, the levels of
inorganic nitrogen (0-1gof N m™) in the mulch
were low relative to those in the fertilizer treatment
(Handa 1998). These results all suggest that the
effect of mulching created a more favourable soil
moisture regime.
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Fig. 6. Sodium content of the soil solution in 1996 and 1997 shown by treatment and site (1-3) in the inland supratidal
marsh at La Pérouse Bay, Manitoba. Open symbols show soils sampled from exclosed edaphic plots or intact vegetation
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n=4 per treatment per site on 27 June 1997, n=3 per treatment per site on all other dates, except n =2 at site 2 on 24 July
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Unassisted revegetation of consolidated bare
intertidal sediment in degraded areas, even in the
absence of goose foraging, appears increasingly a
rare event. Hypersalinity and the absence of moist-
ure in summer create hostile conditions for plant
establishment either by clonal propagation or from
seed. Field observations indicate that erosion fol-
lowed by the accumulation of unconsolidated sedi-
ment provides suitable conditions for revegetation,
but these changes in geomorphology may take a
decade or more before plant establishment is possi-
ble.

Unlike P. phryganodes, the growth of C. sub-
spathacea was not significantly affected by the soil
treatments (Fig. 5). Although organic soils are satu-
rated with water in spring and early summer, the
surface layer (< 2cm) dries out rapidly in summer
and, in addition, the slight changes in land elevation
(1 m drop every 3 km) impede drainage in the inland
marsh and lead to anaerobic conditions just below
the surface of the soil, particularly in spring when
soils are wet. Soil anoxia may have been a stress in
some exclosures that had a seemingly favourable

water regime. While C. subspathacea can grow in
soils with negative redox potentials, P. phryganodes
rarely establishes under such conditions; hence, it
would not be a suitable species to revegetate the
sediments of the inland marsh.

Transplants in other small-scale experiments have
shown promise in revegetating disturbed areas with
native species (Forbes 1993; Urbanska 1997a, >b;
Shirazi et al. 1998). Transplants allow control of the
density and spatial organization of plants and may
help prevent problems such as densities of seeded
graminoids out-competing other species (Densmore
1992; Chambers 1997; McKendrick 1997). Results
from this study indicate that plugs of these grami-
noid plants need to be spaced at distances of the
order of 10cm in order to facilitate sward develop-
ment within 2 years at favourable sites. In the sum-
mers of 1998 and 1999, dicotyledonous plants such
as Potentilla egedii, Ranunculus cymbalaria and Stel-
laria humifusa were observed inside exclosures of
mats of Puccinellia in the intertidal marsh (R.L. Jeff-
eries, personal observation), emphasizing the need
for long-term observations of experimental plots.
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Urbanska (1997b) has argued that the creation of
small diverse patches can act as ‘safety islands’.
Continuous patches of P. phryganodes trap seed and
vegetative fragments from the strand-line, from
snow-melt and from the seed rain, and thus facilitate
the establishment of other species. The strand-line is
considered an important seed source for salt-marsh
plants (Ranwell 1972; Packham & Willis 1997) and
has been shown to influence the seed bank at a site
30km from La Pérouse Bay (Staniforth, Griller &
Lajzerowicz 1998).

The inclusion of native soil in transplant plugs
offers the advantage of transferring seed and facili-
tating seedling emergence. Recent studies at La Pér-
ouse Bay have shown that the seed bank sampled
from soils beneath intact vegetation has a higher
diversity than that in degraded sediments approxi-
mately 10m away (E. Chang, unpublished data). In
addition, soil cores help maintain the native thermal
regime (Shirazi et al. 1998) and may promote nutri-
ent cycling by restoring the microbial and mycorrhi-
zal communities (Haselwandter 1997). Although the
removal and transplanting of soil plugs has limited
application because of labour costs in large-scale
revegetation projects, especially where there is the
added constraint of excluding geese in order for
revegetation to occur, pilot autoecological studies
on the establishment ecology of native species are a
necessary prelude to the restoration of damaged
plant communities (Chambers 1997).
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